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Abstract

In the wake of increasing demand for DC-DC converters with high power density
and high efficiency, the design of modern power converters has evolved into a multi-
objective optimization problem with multiple uncertainties associated with parameter
and component selection. The iterative design procedure, manual component selec-
tion, and the diverse nature of passive and active components complicate optimum
DC-DC converter design and comparison. Existing methods suffer from excessive
computation time, inaccurate component modeling, and inadequate design variables,
resulting in sub-optimal solutions.

In this thesis, the design of a non-isolated DC-DC power converter is formulated
as a multi-objective optimization problem, which seeks to reduce the total converter
volume and power loss. A new component modeling method is proposed, that incor-
porates the impact of major converter components, including the inductor, capacitor,
MOSFET, and heat sink, to overcome the uphill challenge of automating the op-
timization process. This model allows for the mathematical expression of design
objectives in terms of technology-specific parameters and converter operating condi-
tions without selecting or assuming specific components. After the optimal solutions
are determined, all components can be selected in one step at the end of the process.

Experimental and data-driven analyses are conducted to confirm the validity of
the component modeling and design method. The automated optimum design pro-
cedure is then used to study the effects of various parameters on design objectives
and to compare the efficiency and power density of different converter topologies for

particular applications.
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Chapter 1

Introduction

The tremendous rise in the popularity of renewable energy and the global upsurge in
the electrification of the final consumption [1] have significantly accelerated the need
for power converters in the form of DC-DC conversion, DC-AC inversion, and AC-DC
rectification. DC-DC converters are among the most widely used power electronic
converters in space [2], renewable energy systems [3], electric vehicles [4], wireless
power transfer [5], and military equipment [6], where they are used extensively for
voltage and current regulation and impedance matching.

Considering the restraints and costs associated with producing electric energy, it is
apparent that high-efficiency converters have become extremely imperative. This re-
quirement becomes even more critical when it comes to applications that are powered
by batteries. High power density has also become vital, notably in applications with
restricted volume, weight, and space, such as spacecraft, satellites, military aircraft,
and electric cars. As a result of the reasons mentioned above, it has become more
prominent in the field of power electronics to place an increasing emphasis on high
power density and high efficiency as two essential requirements of modern DC-DC
power converters. As a result, power converter comparison and optimization have
gained popularity over the last few decades.

A large number of DC-DC topologies can be adapted to meet the needs of any

specific application. Consequently, selecting the proper DC-DC converter topology



is a primary design challenge. A fair comparison in terms of power density and
efficiency, based on the optimal design of each topology, can provide a clear picture
of topology trade-offs to achieve the best performance for a specific application. As
such, an automated procedure becomes indispensable to perform optimal design and
extract each topology’s volume and loss values for comparison.

The design of an optimum DC-DC converter is a multi-objective optimization
problem in which design parameters and power components are chosen to meet the
electrical requirements and comply with power density, efficiency, and temperature
rise restrictions. Automatic optimization of DC-DC converters is achieved through a
mathematical model that links efficiency and power density to the converter’s electri-
cal parameters and design variables. Iterative design procedures, uncertainties, trade-
offs, and diversity of passive and active components complicate the development of
generic models. Besides, manual component searching hampers the automated opti-
mization, making it slower, lengthening the engineering time, and limiting the space
for the optimization search.

The objective of this work is to lay out an automated design approach aimed at im-
posing non-isolated DC-DC converters as optimization problems, in which the design
trade-off between converter power loss and volume is determined using multi-objective
optimization methods. A sound assessment of the impact of each component on opti-
mization objectives is essential for achieving optimal design. As a result, component-
specific parameters and converter operating conditions must be taken into account in
order to estimate volume and power loss accurately for each component. A significant
part of this work involves defining component models to mathematically express a
non-isolated DC-DC converter design process as a multi-objective optimization prob-
lem. This optimized design method is then utilized to compare different non-isolated
DC-DC topologies in terms of power loss and volume to evaluate their suitability for

particular applications.



1.1 Literature Review

This section reviews the literature on various approaches to component modeling,

DC-DC converter optimization, and topology comparisons.

1.1.1 Component Modeling Approaches

Component modeling aims to predict the volume and loss based on electrical char-
acteristics without manually implementing the magnetic design or final component
realization. Inductor, capacitor, MOSFET, and heat sink are the main contributors
to loss and volume in DC-DC converters. The literature is reviewed for existing

methods to model each component in each section.
1.1.1.1 Inductor

Different modeling methods have been proposed for inductors in the literature, which
can be generally classified into four major categories.

A. Scaling rules: Scaling rules for air-core solenoid geometries are proposed by
[7, 8]. This method assumes a base air-core inductor with inductance Ly, and dc
resistance Ry pco and shows that all physical dimensions of the inductor, as well
as the dc resistance, are scaled by the inductance. This model is uncomplicated and
reliable. The functionality of the model, however, is limited to air-core inductors with
solenoid geometry and can not be extended to other shapes and core materials. Due
to this limitation, inductor core losses cannot be taken into account in this method.

B. Curve fitting: Using curve fitting to find a correlation between inductor vol-
ume, loss, and electrical parameters is another common approach. Linear regression is
used in [9-12] to represent inductor volume and power loss as functions of inductance,
maximum current, and peak-to-peak current in the form of high-order equations for a
specific type of core. Similarly, a linear correlation between inductance and volume in
a series of toroid core inductors with predetermined permeability (1) is established

in [13, 14]. Modeling inductor volume as a function of stored energy (3LI?) and de-



veloping an equation to relate the total loss of the inductor to its volume is performed
in [15, 16]. This method can accurately model volume for specified series of cores,
but the extension to other core shapes is not investigated. This model is restricted to
off-the-shelf inductors for loss estimation and cannot accommodate custom inductors.

C. Individual optimization: As another approach, inductor design could be
viewed as a multi-objective optimization problem with a number of design variables,
such as the core length-to-width ratio and air gap, and then total loss and volume
could be determined based on the optimized design parameters and accurate model-
ing. A study by [17] utilizes 11 parameters to minimize mass and winding resistance
in EI core inductors. Similarly, the inductor model with Ferrite EE cores is used with
five design parameters in [18], three design parameters in [19], and five design param-
eters in [20]. These methods accurately model all inductor loss and volume sources,
and the results are close to reality. Nevertheless, the developed models are limited
to a specific shape of the core, and extension to other shapes will require further
research. Furthermore, the practicality of this method is limited since most designers
are unable to access custom-sized cores and tend to utilize available standard-size
ones in the market.

D. Finite-element methods: Employing finite-element methods for real-time
simulation, parameter extraction, electromagnetic loss prediction, and estimation of
physical specifications is another popular method in the literature [21-23]. Finite-
element methods offer accurate loss and volume estimation of inductors and enhance
optimization precision. Using such tools, however, adds a staggering amount of engi-
neering time to the process. This time-consuming process will be more tedious when
it comes to studying the effects of various parameters on the optimization objectives
and topology comparison. The number of cores that can be studied in a single run is
also limited and must be shortlisted prior to optimization, as [23] has three specific
toroid cores predetermined. As a result, we cannot extend the study to other core

shapes or conduct a general study.



1.1.1.2 Capacitor

In spite of the fact that some converter loss optimization methods ignore capacitor
loss [8, 15, 24|, there are two main approaches used to model capacitor loss and
volume.

A. Look-up table: One approach uses a table filled with data about a limited
number of capacitors, including their capacitance, equivalent series resistance (ESR),
and volume [22, 23]. As soon as the optimization method calculates the required
capacitance for a certain voltage ripple, base capacitors are arranged in series or
parallel to realize that capacitance, and then loss and volume can be calculated.
This model is accurate since no additional approximation is used, and it directly
works with the information obtained from the datasheets of the final capacitors. It is
important to note, however, that this method requires a large dataset of capacitors
to be applicable. In addition, using a list of capacitors solidifies the impact study and
limits the optimization search space.

B. Curve fitting methods: Curve fitting methodologies are used extensively
in the literature. The goal of these methods is to determine a correlation between
capacitor loss, volume, and electrical specifications using data-driven analysis.

The constant loss factor (tan § = 27 f,,, ESR) is used by [10, 11, 21] to represent a
series of capacitors with a specific voltage rating. It is worth noting that the loss factor
is highly influenced by frequency, with the exception of film capacitors. Similarly, a
linear correlation between ESR and capacitance for a series of capacitors with the
same voltage rating is found by Larouci [24]. ESR as a function of voltage rating and

capacitance (o &), is used by [17] to include voltage rating in curve fitting. This
model can be used as a tool to compare different capacitor series. Capacitor volume
has a critical impact on the maximum storable energy of the capacitor [25]. This
fact is used in the literature to calculate volume as a function of stored energy in the

capacitor (x= 3CV?) [8, 11, 15, 16, 26].



1.1.1.3 MOSFET

Another important factor in DC-DC converter optimization is MOSFET loss, as
MOSFET loss minimization can simultaneously enhance efficiency and volume by
decreasing heat sink volume. In some approaches, the MOSFET is chosen at the
beginning, and all the parameters are known at the outset [9-12, 15, 17, 23, 24]. A
precise loss calculation is achieved since the MOSFET parameters are obtained from
the datasheet, and no more approximation is necessary. The MOSFET realization
at the beginning of the optimization process, however, limits the optimization search
space and cannot be used as an insight for designers by categorizing MOSFETSs.

A. MOSFET loss FOM development: Power loss in MOSFETSs can be min-
imized by parallelizing a determined number of MOSFETSs as done in [8, 27-32].
When a sufficient number of MOSFETSs are connected in parallel, total MOSFET
loss can be estimated using R,,F,, where R, is the on-resistance of the MOSFET,
and Fy, is the switching energy. R,,F, may be utilized as a FOM to compare
different MOSFET technologies, as well as represent MOSFET trends.

1.1.1.4 Heat Sink

Designers find the right heat sink by determining the required thermal resistance.
Modeling a heat sink aims to determine the volume of the heat sink based on its ther-
mal resistance. Research efforts striving for the development of automated DC-DC
converters usually fail to consider the impact of thermal effects, or when considered,
they lack sufficient accuracy and detail in their assumptions [8, 13, 15, 21]. The addi-
tion of a heat sink model will increase the precision and reliability of the optimization
and comparison. In the literature, there are mainly two methods for modeling heat
sinks.

A. Curve fitting: Curve-fitting is used to ascertain the correlation between vol-
ume and thermal resistance. Several recent studies [11, 33] use approximated values

of volumetric thermal resistance constant (Ry = VysRy,) where Vyg and Ry, are



Table 1.1: Typical values for volumetric thermal resistance in different airflow condi-
tions [33]

Air flow Ry (m3°C/W)

0.5 m/s ~ 100 LFM 5.0 x 1074 —8.0 x 107%
1m/s ~200 LFM  1.5x 107 —-2.5x 1074
2.5 m/s ~ 500 LFM 0.8 x 1074 — 1.5 x 10~*
5m/s ~ 1000 LFM 0.5 x 1074 - 0.8 x 107*

the volume, and thermal resistance of the heat sink. Typical volumetric thermal re-
sistance is found by using the average value of Ry for a specific air flow condition
for the heat sinks in the market. For natural convection, as an example, it is in the
range of 5 x 107 to 8 x 107*m3°C/W [33]. Table 1.1 summarizes the values of Ry
for different airflow conditions. Another common approach is to use the curve-fitting
method to find volume as a nonlinear function of thermal resistance for heat sinks of
a specific manufacturer [12]. These methods generally use various approximations or
may be limited to particular heat sink models, manufacturers, or air flow conditions.

B. Individual optimization: As an alternative approach, a precise model of
the heat sink can be used. Dimensions can then be adjusted as optimization vari-
ables to optimize volume and thermal resistance [17, 34-37]. Multi-objective heat
sink optimization is precise and comparable to reality, but increases design time and
subsequently makes comparison impossible. A major drawback of such approaches
is that they cannot be extended to other airflow conditions without an extensive

investigation which is not done for power converter applications yet.

1.1.2 Optimum DC-DC Converter Design Approaches

DC-DC converters are designed to achieve certain specifications by identifying design
parameters such as inductor current ripple ($.), capacitor voltage ripple (R¢), and

switching frequency (fs,). Based on the topology, these parameters can determine an



acceptable range of capacitances and inductances. In converter optimization, the goal
is to find the optimum design parameters that result in the minimum optimization
objectives, such as loss and volume. Different methods are investigated to achieve

the optimum design:
1.1.2.1 Optimization without Physical Modeling of Components

The first approach involves analytical modeling of converter components to identify
optimal design variables [22, 38—41]. As no component modeling is used, they aim to
optimize the objectives other than loss and volume or use manual component selection
in each iteration.

A. Without the loss and volume optimization: There are some articles that
target design objectives other than power loss and volume. The trade-off between
inductor energy and capacitor RMS current is used by [38] to recommend an optimal
ripple factor of R, = 0.4. With the help of a list of components, Busquets-Monge et
al. [39] minimizes the total cost of the Boost power factor correction converter using
11 design parameters.

B. Conventional optimization: Other approaches minimize volume or maximize
efficiency. However, as component modeling is not developed, in every iteration of
the design, components should be manually selected. With a hybrid control strategy,
Zhou et al. [40] seek to optimize low-voltage DC-DC converters so that high levels of
efficiency are achieved over the entire range of load conditions. Using variables such
as duty cycle, output inductance, and inductor current ripple, Chew et al. [41], try to
maximize efficiency in uninterruptible power supply applications. A simple fly-back
converter is optimized using the same extensive search approach in [40].

Computer simulation tools are often used in this design approach [22]. These tools
provide near-realistic results since they rely on precise models of each component.
Hence, this method uses a few approximations during the calculation of volume and

loss. There are, however, a number of independent variables that can influence the



final result, and due to the time-consuming process of selecting components and
creating magnetic designs in each iteration, the designer may not be able to sweep
all variables simultaneously. Consequently, the final result may not be the global
optimum design. In the case of DC-DC converters with more than one inductor, such
as Sepic and Cuk, it is even more challenging due to the large number of variables
involved. As a result, this methodology does not provide sufficient tools to compare

different topologies in terms of loss and volume under different operating conditions.
1.1.2.2 Optimization Based on Physical Modeling of Components

The optimum DC-DC converter design procedure can be automated using physical
models of components. A physical model presents the loss and volume as functions
of constant values or parameters that can be automatically calculated in the design
process, such as peak-to-peak current and maximum voltage. Different approaches
have been proposed to automate the optimization process for DC-DC converters using
component physical modeling:

A. Using component-specific parameters: In the first approach, loss and vol-
ume are written as functions of component-specific parameters. These functions then
can be passed to the optimization function to perform various optimizations such as
single-objective loss optimization [8, 10], single-objective volume optimization [12, 13,
24], or multi-objective optimization of loss and volume [21]. Under the constraints
of electromagnetic compatibility (EMC), efficiency, semiconductor junction tempera-
tures, capacitor voltage ripples, and inductor current ripples, an optimization method
is developed by [12, 24] to determine the optimal switching frequency that yields the
minimum passive component volume. A multi-objective optimization problem for the
output LC filter of a Buck converter is solved using computer-aided optimization in
[14]. The generality and optimization space of this strategy is limited by the fact that
they do not perfectly model all volume and loss sources. As an example, heat sink

volume is not considered in some optimization methods [8, 13, 15, 21]. In various



approaches [12, 24], the inductor core shape and size are selected at the beginning. As
a result, it cannot search for the optimum current ripple over a wide range of values.
In a similar way, Switching frequency is not included as a variable for optimization
in [14].

B. Parameter extraction based on individual optimization of compo-
nents: A number of design parameters, such as inductor gap and the number of
turns, are included in the converter modeled by [17, 42], and the method is applied
to find the solution for multi-objective loss and mass optimization of each compo-
nent individually while simultaneously optimizing the converter as a whole. Despite
the fact that these papers accurately model significant sources of loss and mass and
seek optimal solutions across a wide space, they are developed for specific topologies
and core shapes, which limits their extendability. It is possible to obtain custom
sizes by optimizing each component individually. Most designers do not have ac-
cess to customized core shapes and heat sinks and use commercially available models
with standard dimensions. In addition, multi-objective optimization involving many
variables requires substantial computation capability and takes a lengthy time. As
a result, this method cannot be easily used to design and compare various DC-DC
converters.

C. Artificial intelligence: To eliminate mathematical derivations and modeling,
several recent studies [9, 23, 43] employ artificial intelligence, neural networks, genetic
algorithms, and CAD tools to find loss and volume accurately. Since no mathematical
derivations are needed, these methods provide authentic solutions, and the results are
close to reality. However, they have the major disadvantage of being computationally
intensive and requiring large datasets for training. It is, therefore, possible that a
simple Buck converter design may take two days of processing time for a conventional
4-core PC system [23]. When there is more than one inductor in a circuit, this problem
will be more severe. Due to this, it is difficult to study the impact of each parameter

on the converter’s performance, and topology comparison is almost impossible.
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1.1.3 Existing Approaches for DC-DC Topology Comparison

The choice of the right converter topology is critical when there are numerous topolo-
gies available for an application. A fair comparison of topologies enables the designer
to make the best decision. There are two main approaches to comparing topologies

in the literature.
1.1.3.1 Comparison Based on Non-Optimal Designs

In this method, two or three DC-DC converters with different topologies are de-
signed, implemented, and compared for a specific application. For example, Boost,
Cuk, Sepic, and Zeta converters are compared by [44] experimentally in terms of their
maximum power point tracking (MPPT) and converter efficiency. Using a similar ap-
proach, MPPTs have been analyzed in order to determine how they interact with
Buck and Boost converters in [45]. A comparison of different non-isolated DC-DC
converters in terms of the complexity of implementation and control, size, cost, ef-
ficiency, and EMI is performed in [46] based on a comprehensive review of different
papers [47-65].

In analogous situations, these comparisons provide insight into the best topology
to employ, but in extreme conditions, the topology must be chosen based on the ap-
plication and the specific power and gain requirements. In addition, the performance
of a DC-DC converter is highly dependent on the chosen design parameters. Thus,
one converter can be designed with parameters that might give it an unfair advan-
tage over others. A fair comparison must, therefore, be conducted between the best

designs of topologies under study.
1.1.3.2 Comparison Based on Optimal Designs

In this approach, the topologies are compared according to their optimal designs. To
the best of our knowledge, no study has to this date compared topologies for a specific

application based on multi-objective optimization of loss and volume. Single-objective
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optimization of volume for passive components in hybrid resonant switched-capacitor
converters is used by [16] to develop a comparison method. While being fast and
easy to use, this method can be applied to other types of DC-DC converters as well.
Nonetheless, the loss is not taken into account, and volume modeling is limited to
off-the-shelf, low-power inductors.

In [8, 30, 32], the authors propose a novel figure of merit (FOM) for hybrid-resonant
switched-capacitor DC-DC converter topologies based on loss optimization under size
constraints on passive components. The generality and automatic procedure of this
model simplify comparison and provide insight into the relationship between each
parameter and converter performance. It should be noted that this method only per-
forms a single-objective optimization on loss, and volume optimization is not consid-
ered. Further, the component model ignores losses in inductor cores and capacitors,
as well as heat sink volumes, which can lead to inaccuracies, especially in higher
power applications. Moreover, switching frequency is not defined as an independent
variable and depends on capacitance and inductance. As a result, this can limit the
search space for optimization problems, and the reference values may not represent

real optimum values.

1.2 Description of the Proposed Method

Using data-driven analysis and technology-based FOMs, the proposed approach mod-
els components by categorizing technologies into specified subsets based on loss and
volume performance. As a result, total loss and volume can be rewritten as a closed-
form equation in terms of design parameters, input information, and temperature
constraints. Furthermore, FOMs provide insight into the loss and volume comparison
of components. The proposed approach considers thermal limits and incorporates
losses and volumes related to the inductor core and winding, capacitor, MOSFET,
and heat sink. The proposed approach is developed based on the technologies avail-

able on the market and is not limited to any specific inductor core shape or material,
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capacitor, or MOSFET type.

These closed-form loss-volume equations of main components are used to find op-
timal ripple factors and switching frequencies, providing an optimum solution to the
loss-volume trade-off for non-isolated DC-DC converters. As a result of using the
Pareto algorithm in the multi-objective optimization problem, Pareto optimum so-
lutions can be found for each design. In order to find the best equilibrium Pareto
solution out of all possible Pareto solutions, a method is used which allows the opti-
mization process to be automated. The proposed model is tested experimentally by
comparing an optimized Buck converter with conventional designs.

The developed optimization method is significantly faster than artificial intelligence-
based approaches. An example of the proposed method is compared to a paper that
uses artificial intelligence to find an optimum design for a synchronous Buck converter
23].

The proposed automated method for optimizing non-isolated DC-DC converter
design is then used to compare optimum designs of several popular topologies un-
der different conditions. For the purpose of making the comparison in an operating
condition, the optimized design of each topology is used to estimate the volume and
loss. Multi-objective optimization allows this method to compare topologies simul-
taneously in terms of power density and efficiency. Furthermore, the comprehensive

component modeling helps to make the comparison method fast and realistic.

1.3 Thesis Objectives

Through the use of multi-objective optimization methods, we present an automated
approach for non-isolated DC-DC converter design and comparison. To achieve this

goal, an accurate component modeling is proposed. Objectives are summarized as:

1. Developing a physical model for loss and volume of the inductor, capacitor,

MOSFET, and heat sink in terms of electrical specification and technology-
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based parameters. This model must include inductor core and winding loss and

volume, capacitor loss and volume, MOSFET loss, and heat sink volume.
2. Verifying the component modeling by experiment and/or analysis of the data.

3. Defining non-isolated converter design as a multi-objective optimization prob-
lem to find the best solution for loss-volume trade-off by determining the opti-

mum ripple factors and switching frequency.

4. Validating the optimal design method by experiment and comparison to other

methods.

5. Utilizing the optimum converter design method to compare non-isolated DC-DC

converters for specific applications and under different operating conditions.

1.4 Thesis Outline

In chapter 2, loss and volume models for the inductor, MOSFET, capacitor, and
heat sink are developed and verified through experimentation or data analysis. Each
component is modeled by technology-based parameters, and proper FOMs are iden-
tified. For each component, loss and volume are written in terms of the electrical
specifications and technology-specific parameters with thermal constraints in mind.
Chapter 3 addresses non-isolated DC-DC converter design as an optimization prob-
lem with the objective of minimizing the total converter volume and power loss with
thermal limits on the main components. A detailed description of the optimized Buck
and Cuk converter design procedure illustrates how this method works. The Pareto
front plot is provided to demonstrate potential optimum solutions, and a method to
identify the best optimum solution is utilized. Experimental comparisons are made
between two Buck converters designed by the proposed method with four convention-

ally designed Buck converters.
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Two scenarios are analyzed in chapter 4 to illustrate the application of the de-
veloped design method for non-isolated DC-DC converter comparison. In the first
scenario, the loss and volume of Buck, Boost, Buck-Boost, Cuk, Sepic, and Zeta con-
verters are compared in different voltage gain requirements for an application with
12 'V, 180 W output. In the second scenario, the performance of a simple Buck-Boost
and a non-inverting Buck-Boost converter is compared in terms of loss, volume, and

cost for a real-world wide-range input, 400V, 10.5 kW application.
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Chapter 2

Component Loss and Volume
Modeling

2.1 Introduction

The optimization process relies on a component model to find the design cost functions
(for instance, efficiency or power density) in terms of the optimization variables (for
instance, switching frequency or inductor current ripple). Accurate prediction of
power losses and volume of a power converter is essential for successful efficiency and
power density optimization. In the absence of a comprehensive and practical model,
optimization results will be local optimums and ineffective.

This chapter attempts to develop a model to formulate the loss and volume of
the main components of a DC-DC converter in terms of the corresponding voltage,
current, inductance, capacitance, technology-specific parameters, and temperature
constraints.

Capacitors, inductors, power MOSFETSs, and heat sinks are the principal con-
tributors to loss and volume in non-isolated DC-DC converters. Therefore, for a
non-isolated DC-DC converter, the total loss (Pyss,,,,,) and volume (Vioq) can be

calculated by:

Plosstoml = -Plossmd + Bossmp + F)lossMosy (21)
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and

‘/total = Vtmd + chap + VH57 (22)

where P, is the power loss, V' is volume, and subscripts ind, cap, HS, and MOS
are used for inductor, capacitor, heat sink, and MOSFET. This model ignores the
MOSFET volume due to its insignificance compared to the heat sink volume.

The proposed model includes losses and volumes related to inductor core and
winding, capacitor loss and volume, MOSFET loss, and heat sink volume. These loss
and volume formulas are then used for the optimization problem to find optimum

design parameters such as ripple factors and switching frequency.

2.2 Inductor

Various methods have been proposed in the literature for designing an inductor shown
in Fig. 2.1 [66-68]. The method used by [66], uses electrical specs as well as thermal
constraints to find the inductor area product (A, = W,.A.). In turn, it searches for a
core with an area product greater than the calculated A, from the available cores on
the market. With the magnetic core in place, the magnetic design can be completed,
and loss and volume can be calculated. Similarly, the inductor design method used
by [67] calculates core geometry (K;) and electrical conditions coefficient (/) based
on required electrical specifications and then searches the market to find the proper
core.

In an automated optimization procedure, it is difficult to identify cores manually
as part of the process. This is because it takes a great deal of time, requires the
existence of a large dataset of cores, and limits the generality of the model as well
as the search space of the optimization. Thus, it is necessary to find a method to
bypass the manual core selection and estimate the inductor’s loss and volume based
on electrical specifications, such as inductance (L) and current.

Taking thermal constraints into account, the proposed method aims to rewrite the
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Figure 2.1: Physical parameters of a typical inductor [69]

volume and loss of an inductor as functions of the core physical parameter of A, for
each material and core shape family. The formula developed by [66] can then be used
to determine A, based on electrical specifications. Thus, A, serves as a link between
electrical specifications and the optimization objective cost function (volume, power

loss, etc).

2.2.1 Inductor Volume Model

The research on common core shape types has led to the identification of two size co-
efficients ([k.,k,]) that correlate physical parameters of core volume (V.) and winding

volume (V) of the inductor to its A, [66, 67].

3
Ve = k.Ap (2.3)
V, = koAl (2.4)

Fig. 2.2 shows the correlation between Ap%, core volume, and winding volume for

different cores of the ETD core shape family. Similar research is conducted for a vast
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number of magnetic core shapes and the results are summarized in Table 2.1 [66,
67]. The size coefficients for different core shapes are close, so one can estimate the
average values ([5.6,7.5]) to represent all core shapes.

The total volume of an inductor (V;,4) with an area product of A, and size coeffi-
cients ([kc,ky]) is the summation of core and winding volume and can be calculated

as:

V;nd - Vw + ‘/c - (kw + kC)AI% (25)
2.2.2 Inductor Loss Model

Generally, an inductor’s loss consists mostly of winding (P winding) and core losses
(PL,core>:
Ross,ind = PL,winding + PL,core (26)

The DC resistance of the wire as well as proximity and skin effects result in winding
loss when the electrical current flows through the inductor’s winding. Ry pc and
Ry ac are used to model the DC and AC losses of the inductor winding. On the other
hand, core loss arises from the interaction of the electrical current with magnetic cores
and is mostly comprised of hysteresis and eddy current losses [66].

It is possible to reduce the AC resistance in DC-DC converters through the use of
stranded Litz wires with proper diameters [68]. This will result in relatively incon-
siderable AC winding losses as opposed to DC winding losses within a determined
frequency range. A proper window utilization factor (k,) selection based on frequency
range will help the designer ensure that using Litz wire has a negligible impact on
volume estimation. The section 2.2.5 discusses the proper choice of k, for differ-
ent circumstances. As a consequence, proximity and skin effects are not taken into

account in the calculation of the winding loss of the inductor in the proposed model.
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Inductor DC loss
The winding DC loss of an inductor can be calculated by:
Ppwinding = Ri,pc It muss (2.7)

where I1, rus is the inductor’s RMS current. DC resistance of a conductor in general

is calculated by:

Ay
R pc = qu:l , pr = po(1+ a(Tymp + ATing — To)) (2.8)

where pg is the conductor area-specific resistance in measurement reference temper-
ature (Tp), « is the temperature coefficient of resistance of the conductor, AT},  is
maximum temperature rise of the inductor, 7,,,; is the ambient temperature, and [,
and A, are the conductor’s length and area. For the inductor’s winding resistance,
(2.8) can be rewritten as:

(2.9)

where N is the number of turns, and M LT is the mean length per turn. According
to the definition, the window utilization factor (k,) is defined as the ratio between

the total conduction area (W, = N.A,) and the total window area (W,) of the core:

=

by = =2 (2.10)

S

S0,

N.A, = k,W,. (2.11)

From V,, = W,.(MLT), (2.4), (2.9), and (2.11), the dc resistance of the inductor’s

winding can be calculated by:

prT pr 3
Ry gc = A—QkuWa(MLT) = A—QkukwA;%, (2.12)
In order to find A,,, we need to calculate the conductor’s current density (Jy = %)

A constant current density in the range of 3 x 10% - 5 x 105 A/m? is assumed in most
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Figure 2.3: The relation of the parameter A2, and surface area (A;) in ETD cores

inductor design methods [67, 68]. However, by taking the maximum temperature rise

(AT},q) into consideration, Jy is calculated by [66] as:

1 hANT
Jy = 2.13
0 \/1 + v prViky ( )

where v is an estimation of core loss to winding loss ratio, h. is the heat transfer
coefficient, and A; is the inductor’s surface area. In sections 2.2.4, 2.2.5 more details
on how v and h, are determined will be provided. Using a similar method as provided
in 2.2.1, investigating different core shapes on the market shows a correlation between

the inductor’s surface area and A, [67] which is written as:
1
Ay = kaAp, (2.14)

1
where k, is used to demonstrate the linear relationship between A; and A;. Fig. 2.3
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Table 2.1: Summary of size coefficients in popular magnetic core shape types

Core type ky ke Ky
Toroid 39.5 5.0 8.0
ETD 385 55 75
EI 39.0 75 5.5
Ul 400 55 75
LL 43.0 4.0 11.0
EE Ferrite 385 6.5 6.0
EE & EI Planar 455 6.5 6.5
EC Ferrite 470 50 8.5
POT 30.0 5.5 5.0

shows this correlation for the cores in the ETD core shapes family. Table 2.1 includes
k, values for popular core shapes available in the market.

Current density can be calculated by substituting (2.14) and (2.4) in (2.13) as:

Aﬂnd 1
ku(1+7) /A,

| h.k
K, = 2. 2.1
' kaw ( 6)

Since A, = IL’{’;;OMS, using (2.7), (2.12), and (2.15), the inductor winding loss can be

Jo = K

(2.15)

where

simply written as:

kprKtQAEnd
I+~

VA, (2.17)

It is worth mentioning that, the loss formula in (2.17) is a good estimate for all

PL,winding =

common core shapes and can be used to represent the losses of an inductor regardless

of the final shape and dimension.
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Inductor core loss

Core loss can be modeled by Steinmetz’s equation as P, core = VCIng fz,, where By, =

AB _ Bmax Al

5 5T B is the flux density, Al is the inductor peak-to-peak current, Ir

is the inductor maximum current, and x, ¥y, z are the material dependant Steinmetz’s
equation coefficients to model the inductor core loss [66]. Using (2.3), the inductor’s

core loss can be written as:

3
PL,core = kcmngffwAﬁ . (218)
Inductor total loss

Using (2.18), (2.17), and (2.6), inductor total loss is equal to

Ploss,ind = PL,core + PL,Winding = kprKfAEnd V Ap = hck:aAT;nd V Ap' (219)

It provides an equation for calculating the total loss of an inductor with an area
product of A,, conductor-specific resistance of pr, size coefficients of [k,.k. k|, the
current density of Jy calculated by (2.15), frequency of fs,, Steinmetz’ coefficients
of [x,y,z], the maximum flux density of B,,4,, designed for a maximum temperature
rise of AT}, and heat transfer coefficient of h., respectively. Therefore, with h., k,,
AT;,4, and A, total inductor loss can be calculated using (2.19). The next step is to

find the required A, based on the electrical specifications of the inductor.

2.2.3 Calculation of the Area Product

To find the relationship between the electrical and physical specifications of an induc-
tor, A, must be determined based on electrical specs. This thesis uses the formula
provided by [66] for calculating the minimum required area product for determined

temperature rise while not saturating as:

87

VI+ALI I
+yLlp rvsit ’ (2.20)

A _
Bmath V kuAT‘znd

p =
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where L is the inductance, and B,,,; is the maximum magnetic flux density which can
be assumed based on the chosen material and frequency range. As part of the inductor
design process, whenever the minimum required A, is calculated, the designer must
search for cores with equal or larger area products. In the proposed method, a core
with an equal area product is assumed to exist in the selected core shape family. As a
result, the inductor’s total loss and volume can be calculated using (2.19) and (2.5).
There is no doubt that discrepancies may lead to errors in the final estimation value,
which is negligible. After optimization, the air gap can be adjusted to yield optimal

permeability (/i) without affecting volume and loss estimates.

2.2.4 Calculation of Core Loss to DC Loss Ratio (v)

In general, v = 0 is recommended as long as the current ripple and frequency are

small and the core loss is negligible. Using the definition of v = PLcore (2.17),

PL,winding ’

(2.20) , and (2.18), the value of 7 for any given information can be found as:

= 2.21
(1 + 7)8/7 kprKgAEnd Bmath V KuArFmd ( )

The first step to estimate loss for a set of design input information is to solve (2.21)

g B $ngffwkc ( LIL,RMSfL >7

and find 7. Due to the fact that (2.21) is not linear, a numerical method must be
employed to find the solution for this equation. When ~ is found, A, can be calculated
by (2.20). Subsequently, inductor loss and volume can be estimated by using (2.19),
and (2.5). Fig. 2.4 summarizes the volume and loss estimation procedure in the

proposed inductor model.

2.2.5 Assumption for k, and h,

The acceptable range of k, varies with core shapes, conductor types, assembly tech-
niques, and safety standards. For example, it is possible to design toroid cores with
single layers (k, ~ 0.05), low fills (k, ~ 0.3), full windings (k, ~ 0.45), or high fills

(ky =~ 0.65), depending on the assembly technology, the manufacturing cost, flux leak-
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Figure 2.4: Volume and loss estimation procedure in the proposed inductor model
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Table 2.2: Typical values for converter heat transfer coefficient for DC-DC converters

Air flow h(W/m?°C)

0.5 m/s ~ 100 LFM ~ 10
1m/s ~200 LFM  ~ 15
2.5 m/s ~ 500 LFM ~ 25
5m/s ~ 1000 LFM ~ 30

age, and available cooling systems [66, 67]. In comparison with solid core wires, Litz
wires have a lower conductor-to-wire area ratio, which may affect utilization factor
values. An inductor’s utilization factor is typically between 0.3 and 0.5, whereas a
transformer’s utilization factor is between 0.2 and 0.3 [66, 67].

The heat transfer coefficient (h.) quantifies how well heat is transferred over a
series of mediums. Heat transfer coefficient value depends on numerous factors such
as shape, size, and convection method. Table 2.2 includes some typical values to
be used in DC-DC converter design [66]. Section 2.5 deeply investigates thermal
equations to find how different factors may impact the heat transfer coefficient and

how typical values have been selected.

2.2.6 Experimental Inductor Model Validation

To ensure that the inductor loss and volume model developed is accurate, six inductors
were designed and implemented for a 180W 24V to 12V synchronous Buck converter,
using the inductor design method developed by [66]. Fig. 2.5 shows the implemented
inductors. In this study, the input voltage, output voltage, and current are kept
constant and the inductor has been designed for different values of current ripple
(Rz) and switching frequency (fs,). Using instantaneous voltage across and current
through the inductor, the total inductor power losses were measured. Afterward,
measured inductor losses and volume are compared with predicted values for power

losses and volume. The key assumptions of all designs are:
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e Maximum temperature rise (AT},q) = 15°C

Maximum flux density (Bje.) = 0.25 T

Window utilization factor (k,) = 0.3

Heat transfer coefficient (h.) = 10 W/m?°C

Core material: Ferrite EPCOS N87 Mn-Zn

B x=1069
my=235
Hmz-—125

BB, =02T

e Conductor specific resistance (p) = 1.72 x 1078Qm

The design specifications of the inductors are summarized in Table 2.3. Table 2.4
compares the predicted and measured values for loss and volume in different designs.
In general, the total losses and volumes predicted agree with the measured results.
In all of the test cases, errors are less than 20 percent. As can be seen, the proposed
model provides an estimation with acceptable accuracy, despite the numerous factors

affecting the loss and volume.

2.3 Capacitor

Capacitors are used to store energy or remove voltage ripples in power electronic
applications. The capacitor ripple current and frequency determine the capacitance
(C) required to achieve the desired voltage ripple. As required capacitance changes,
both capacitor loss and volume change as well.

As part of the conventional design process, the designer calculates the required ca-

pacitance, maximum voltage, and current ripple and then searches the market for ca-
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Table 2.3: Design specifications of inductors designed to validate inductor loss and
volume estimation method

Design R:% L(uH) fe(kHz) I Al  Ippus  Core N Jo(A/m?) wire

1 80.0  5.00 100 21.00 12.00 1539 ETD29 55 2.88x 10% Litz 420*AWG36
2 20.0 100.00 20 16.50 3.00 1502 ETD59 18 2.82x10% Litz 420%*AWG36
3 16.2  22.00 120 16.14 227 1501 ETD 39 11.5 3.58 x 10° Litz 330*AWG36
4 20.0 20 100 16.50 3.00 15.02 ETD39 12 3.59 x 105 Litz 330*AWG36
5 70.0 28 20 20.36  10.71 1532 ETD 44 13.5 2.87 x 10% Litz 420*AWG36
6 80  8.00 62.65 21 12.00 1539 ETD34 7 3.21 x10% Litz 420*AWG36

Table 2.4: A comparison of the predicted and measured loss and volume values in
different inductor designs

Predicted  Measured Predicted Measured Predicted Measured

Design Rae(mQ)  Rao(mQ) total total total , total ,

loss (W) loss(W)  volume (m?) volume (m?)
1 1.5 1.4 0.62 0.67 10.2x107%  10.5x107¢
2 10.1 8.4 2.63 2.17 90.9x107%  90.4x1076
3 4.3 4.1 1.01 0.95 21.5x107%  23.7x1076
4 4.3 3.8 1.00 0.89 21.4x1076  23.7x1076
5 5.6 4.2 1.41 1.1 35.6x1076  34.3x1076
6 2.3 2.4 0.74 0.82 13.7x107%  15.0x1076
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pacitors with proper capacitance, voltage rating, and current capability. After select-
ing the capacitor, the calculation of volume and loss will become possible. Obviously,
this search hinders automated optimization. In order to avoid the manual search
in conventional methods, a model should be developed using technology-dependent
FOMs to correlate volume and loss to capacitance and voltage rating.

The proposed model is developed for ideal parallel plate capacitors such that the
capacitor’s physical characteristics such as voltage rating and energy storage capabil-
ity are proportional to the size of the component. Additionally, it assumes that any
required capacitance (C) to achieve the desired output voltage ripple is obtained by

one or more capacitors of one type and capacitance (C,) in parallel.

2.3.1 Capacitor Volume Model

For ideal parallel plate capacitors, the dielectric thickness can be related to the block-
ing voltage [8, 25, 70]. Therefore,
Cyp.d Cy.v2
Viapy, 0 Aud = —25 4 oc 221€. (2.22)

€ €

where V4, is the capacitor’s volume, d is the dielectric thickness, A is the dielectric
area, € is the dielectric permittivity, and v, is the capacitor’s voltage rating. Volume-

specific capacitance (C,) can be defined as:

Cb aq
C, = =2 (2.23)
Veap, v%

in which a curve-fitting method can be used to estimate the constant «; from the
manufacturer’s datasheet. Fig 2.6, demonstrates the relationship of C, and vc% in
two Aluminum polymer capacitor types [71]. As can be seen, «; for the NICHICON
PCX series is equal to 82211, while it is equal to 132048 for the PCV series.

When a number of identical capacitors are connected in parallel, C, of the set

will equal the C, of each capacitor since the volume and capacitance increase pro-

portionally. This means that the volume of the set of capacitors can be calculated
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Figure 2.6: C, vs vc% in two types of Aluminium polymer capacitors

C

‘/cap: 5

(2.24)

Therefore, by identifying «; for the used capacitor type, C, can be used to estimate
capacitor volume for the required capacitance and voltage rating. Table 2.5 includes

the value of o for some capacitor types available in the market.

2.3.2 Capacitor Loss Model

In practice, capacitors should be modeled by parasitic components that represent
losses during electrical current conductivity proportional to the current RMS value.
Fig 2.7-a demonstrates a full model of a practical capacitor in which each element is

used to model a particular type of loss [25, 70, 72].
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(a) (b)
Figure 2.7: Capacitor loss model (a) Complete (b) Simplified

Equivalent series inductance (L)

This inductance represents the equivalent series inductance, which depends on the
geometric design of the capacitor element, such as internal connections, the thickness

of the contacting terminals, winding characteristics, and physical dimensions.
Series resistance (R;)

This resistance indicates the losses that are caused by series elements such as the

leads, terminals, and electrodes.

Polarization resistance (R,.)

This resistor is used to demonstrate polarization losses of the dielectric material.
Insulation resistance (R;s)

This loss depends on the capacitor current leakage. Insulation resistance is highly
dependent on capacitor construction and dielectric material.

At frequencies well below the capacitor resonant frequency, the inductive effect
can be ignored, and all resistances can be modeled as Equivalent Series Resistances
(ESR) to simplify loss modeling [25]. Hence, the capacitor simplified model can
be presented as shown in Fig 2.7-b. As different capacitor types differ in terms of
dielectric materials, geometric structures, technologies, and manufacturing processes,
the ESR values of the various types of capacitors will differ. A film capacitor, for

instance, offers a lower ESR in comparison to an electrolyte capacitor.
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At high frequencies but well below the capacitor resonant frequency, the ESR has
a tendency to be lower than at low frequencies [25, 70]. However, as soon as the
frequency exceeds a few kilohertz, the ESR becomes nearly constant. In order to
simplify the ESR determination, a frequency band that has negligible variations in
ESR can be selected based on capacitor technology.

Considering the ESR as the simplified model of loss in the capacitor, the total loss

of the capacitor conducting Irwms cap is calculated by:
Ploss,cap = ESR-IC%RMS (225)

Equation (2.25) can be used to determine capacitor loss when ESR is known.

2.3.3 Definition of Capacitor FOM

Using the capacitor ESR and volume, volumetric series resistance (ESRV) is defined

as a new Figure of Merit (FOM):
ESRV = ESRy.Viuy, (2.26)

where E SRy, is the ESR of the base capacitor. A capacitor with a lower ESRV will
result in a better volume and loss for the same required capacitance. There is a
direct correlation between ESR and rlvc as shown by [17]. When putting (2.23)
into perspective, it can be shown that ESRV o ve. Fig. 2.8 presents the ESRV
as a function of the voltage rating in two types of Aluminum polymer capacitors.

According to Fig. 2.8, ESRV can be derived as a function of voltage rating:

ESRV = Vo + Q3 (2.27)

where constant values of ay and a3 can be derived from the manufacturer’s datasheet
for a specific capacitor type. Table 2.5 summarizes the values of a;, as, and az for
some capacitor types available in the market. When choosing the capacitor technology

and type, ESRV can be determined based on the voltage rating by (2.27).
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Figure 2.8: ESRV vs voltage rating in two types of Aluminium polymer capacitors
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Table 2.5: A summary of the values of oy, as, and ag for different capacitor types
available in the market.

Capacitor Type Manufacturer ~Capacitor Series  ay s as
Aluminum Polymer NICHICON PCV 132048 2.02 x 107 1.17 x 1078
NICHICON PCX 82211 2.09 x 1071 1.33x 1078
KEMET AT50 245589 542 x 10710 7.43 x 10719
KEMET AT59 121077 547 x 1071 1.23 x 1077
Film Polypropylene KEMET R 9080 3.30 x 107" 3.7 x 1078
KEMET C 24028 1.87x 1071 54 x 1078
Aluminum electrolyte KEMET PEH200 265006 1.42 x 107%  1.49 x 1076

Since we assume that a number of capacitors of the same type (n.) are used in
parallel for the purpose of achieving the desired voltage ripple, it follows that the
ESR of the parallel capacitors will be equal to %f”, whereas the volume of the
parallel capacitors will be n..Vgp,, which means the ESRV of each capacitor will be
equal to the ESRV of the parallel capacitors. With regard to (2.25), the total loss
of a set of capacitors can be calculated as:

C,ESRV
Ploss,cap = TICQ,RMS (228)

As it can be seen from (2.28), at the beginning of the optimization, C,, and ESRV
should be identified based on the technology, type, and voltage rating. As such,
the total loss of capacitors can be calculated using (2.28) by selecting the type of

capacitor.

2.4 Power Switches

There is a strong correlation between the accurate prediction of power losses in semi-
conductor switching devices and the successful design of power electronics converters.

There is the possibility that an underestimation would lead to reliability problems
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and even catastrophic failures. The converse is also true, as an overestimation results
in unnecessary costs and weakens the competitiveness of the design.

According to the conventional design process, the designer calculates the voltage
and current stress and then searches the market for a MOSFET that meets these
requirements. Using the parameters of the selected MOSFET, power loss and tem-
perature rise can be calculated. In addition to the required large dataset, this manual
process prevents the optimization procedure from becoming automated.

This section aims at developing a FOM-based loss model that utilizes technology-
based information for loss estimation in order to avoid the need to perform manual
searches.

The volume of a heat sink is directly related to MOSFET loss. Thus, MOSFET loss
minimization for each operating point lowers overall loss and volume without effect
on other components. Therefore, throughout the development of the loss model, the

minimization of MOSFET loss has also been taken into consideration.

2.4.1 MOSFET Loss Model

The loss associated with power MOSFETSs consists of two fundamental components:
conduction loss (Pyvoscona) and switching loss (Pyossw). In other words, MOSFET

loss can be expressed as:

Ploss,MOS = PMOS,SW + PMOS,cond = Eswfsw + RonISQW,RMS (229)

where R,, is the MOSFET on resistance, Fy, is the MOSFET switching energy, and
I rus is the MOSFET RMS current. Datasheets of MOSFETSs normally include the
values of E,, and R,, that are based on the operating voltage and gate drive circuit
specifications.

Depending on the design, the conduction and switching loss ratios will vary, but

only a certain ratio and die area (Ag,.) can be combined to produce the optimum

total loss for MOSFETSs [8, 27-32]. If one takes the die area of the MOSFET (Age)
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as an optimization variable, (2.29) can be written as:
! R:)n 2
Ross,MOS = EswfswAdie + EISW’RM& (230)
where R,y is the area-specific on resistance, and E,, is the MOSFET area-specific
switching energy. For a given MOSFET, the minimum possible loss can then be

reached by choosing the die area as:

| Ron
Adie,opt:[sw,RMS F f . (231>

If the die area in (2.30) is substituted with the optimum die area in (2.31), then the

total MOSFET loss for a hard switching scenario can be as low as:

Ploss,MOSmm = 2Isw,RMS V fsw R/onEfgw (232)

MOSFET datasheets usually mention the absolute values of on-resistance and
switching energy and seldom mention die area and area-specific resistance and switch-
ing energy. Therefore, a number of MOSFETS (ng,) in parallel must be utilized in
order to achieve the optimum die area. Considering the actual values of the on resis-
tance and switching energy of a particular MOSFET (R,,, and Ej,,), by assuming

Agie, as the die area, the area-specific on resistance and switching energy are equal

to R, = Ron, Adgie, and E. = f;: If these equations are plugged into (2.31), the
optimum die area can be calculated as Agie.opt = Lsw rrrsAdie, ER""]} . Thus, the
S’UJI sw

number of switches in parallel to achieve minimum loss can be calculated by:

Adie opt R(ml
o = —2P — — 2.33
" Adiel RS Esw1 fsw ( )
Similarly, the minimum achievable loss in (2.32) can be written as:
Ploss,MOSmm = 2Isw,RMS V fsw Rom Esw1 (234)

It is worth noting that the total MOSFET loss for ng, MOSFETSs in parallel are de-

termined based on (2.34) using the information of one of those paralleled MOSFETsS.
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Figure 2.9: E,,R,, vs voltage rating in two series of well-known MOSFET's

R, Eg, is known as a FOM [8, 73] to categorize MOSFETSs based on the loss per-
formance. Fig. 2.9 shows R, Ey, for different voltage ratings in Texas Instruments
NexFET and Toshiba U-MOSV MOSFET series.

MOSFETSs with low levels of R,,Fs, have lower losses, resulting in better per-
formance. The research on available MOSFETS in the market reveals, however, that
MOSFETSs with lower R, s, cost more on average, as shown in Fig. 2.10 for different
Texas Instruments MOSFETs with different voltage ratings. Therefore, the designer
needs to choose the MOSFET type with the lowest R,,FEs, taking the budget limit
into account.

When the MOSFET FOM is known, the minimum achievable total loss of the
switching elements can be estimated from (2.34) in terms of the MOSFET’s FOM

and the corresponding current. This loss can be used to estimate the heat sink’s
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volume regardless of the number of MOSFETSs in parallel. Once the optimization has
been done, the MOSFET to be used can be selected, and ng, can be calculated by
using (2.33) based on R,,, and Ej,,.

2.5 Heat Sink

A heat sink is a device used for removing the heat generated by MOSFET conduction
and switching losses during operation. There can be no doubt that power dissipation
per unit volume will continue to increase as power converter designs strive to meet the
demand for high power output, high efficiency, and small product sizes. However, the
heat generated by power converters will eventually cause overheating in the converters
if heat flow is not addressed as part of the design process.

In order to avoid exceeding the maximum temperature rise (ATy,), designers cal-
culate the total switching element loss and determine the suitable heat sink thermal

resistance (Ry,) to mitigate the heat as:

A,-Z—‘sw

Ryp = 5——,
Ploss,MOS

(2.35)

assuming that the junction-to-case thermal resistance is implemented to be negligible.
The designer can calculate the heat sink volume after finding a heat sink with a
thermal resistance that is lower than the calculated value. For an automated DC-DC
converter design optimization process, this manual selection step is not feasible. To
automate this process, an analytic thermal model of an extruded plate-fin heat sink
shown in Fig. 2.11 is developed in this section. The goal of this model is to find a
relationship between the heat sink thermal resistance (Ry,, ) and its volume (Vpg).
This requires first determining the heat sink heat transfer coefficient (h). In the next
step, we will find the relationship between the surface area of a heat sink (A;,,4) and

its volume. The final step is to link all these parameters with Ry, = in order

1
hAty g

to find the correlation between the thermal resistance and volume.
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Figure 2.11: A typical extruded heat sink

2.5.1 Heat Transfer Coefficient (h)

The heat transfer through a surface (A;) is calculated by Newton’s law of cooling as:
Q = hAAT. (2.36)

Heat transfer coefficient (h) depends on surface geometry, the nature of the fluid (air,
water, ...), the assortment of fluid thermodynamics, and transport properties. Heat
transfer coefficient is used to quantify how well heat is transferred across a series of
resistive mediums. As h increases, it becomes easier for heat to transfer from the
source to the product [74].

In order to determine the heat transfer coefficient for forced convection, the fol-

lowing equation can be used:

. N u.kf
=7
where k¢ is the thermal conductivity of the fluid (W/m.K), Nu is Nusselt number

h

(2.37)

and L is the length of the heat sink. Thermal conductivity can be found in reference

books [74] based on the fluid and temperature. Typically, 0.024 W/m.K is assumed
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for air at temperatures between 0 — 120°C'.
Nusselt number (Nu)

The Nusselt number presents the ratio of convective to conductive heat transfer nor-
mal to the boundary layer [75]. If the flow is laminar over the entire surface, the

average Nusselt number (Nu) for air can be determined by:

Nu = 0.664Re? Pr, (2.38)
where Pr and Re are Prandtl and Reynolds numbers.

Prandtl number (Pr)

The Prandtl number is defined for fluids and presents the ratio between momentum
and thermal diffusivity. A fluid with a higher Pr performs better in heat convection
than in heat conduction. Pr is generally assumed 0.7 for air at temperatures between

0 and 120 degrees Celsius [74].
Reynolds number (Re)

Reynolds number presents the ratio of the inertia to viscous forces. Re depends on

the flow condition and can be found by:

_ Prucol
s

Re , (2.39)

where p; is the fluid density (1.184 kg/m? for air at 25°C'), uy, is the fluid velocity
(m/s), and gy is the kinematic velocity of the fluid (1.98 x 107 kg/m.s for air at
25°C)).

Therefore, for forced convection, (2.37)can be rewritten as:

) 0.664k;, /P liae Pr
v Ly

This equation has been developed for the case of forced convection. It should be noted

(2.40)

that this equation can be used in all conditions as long as the proper fluid velocity is
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Figure 2.12: Estimated heat transfer coefficient as a function of heat sink length and
airflow

chosen in the case of natural or forced convection. Air velocity in natural convection

condition (us ) is found by the equation provided by [75] as:

AT
Useye: = 0.65) /gL~ . (2.41)

where g is gravitational acceleration constant (9.81 m/s?), and Ty, is the ambient

temperature. Power electronics applications frequently experience fluid velocity be-
tween 0.1 and 0.7 m/s in natural convection. In accordance with [75], s = 0.5m/s
is a good estimation for many applications. Fig. 2.12 shows estimated heat transfer
coefficients for different air flows as well as different lengths of heat sinks. As shown

in this figure, the approximate values in Table 2.2 have been verified.

2.5.2 Heat Sink Volume Model

This section aims to determine the heat sink volume as a function of the heat sink
surface area.
For the extruded heat sinks shown in Fig. 2.11, the surface area (A;, ) can be
calculated by:
Ao = NAy+ (W — Nt)L, (2.42)

where Ay is the fin area and can be calculated as:

A; = 2L(H + %), (2.43)
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and N is the number of fins that can be approximated by:

N =~ w . (2.44)
s+t

By assuming isothermal conduction (thermal efficiency = 1), Viys = L.W.H and using

(2.42), (2.43), and (2.44), surface area can be rewritten as:

Apps = NA; + (W — Nt)L

HWL
+ LW
s+t

2H + (s + 1) (2.45)

~ 2

Equation (2.45) can be simplified for heat sinks with a high fin aspect ratio (H >

(s+t)
2

), as follows:

2

A o~
s ™ot

Vis. (2.46)

When s+t is known, (2.46) can be used as a tool to find the relationship between the
volume and surface area for a particular type of heat sink. s+t is a known parameter
when using a cutting-ready heat sink or a specific heat sink type [76]. It is worth
noting that in the proposed modeling, the heat sink type is selected prior to the

optimization process. Therefore, s+t will be known as one of the inputs.

2.5.3 Thermal Resistance (Ry,,,)

Thermal resistance for a heat sink can be defined as:

1 B 1 s+t
hA;,s  h2Vus

RthHA - (247)

Ry, can be calculated by replacing h by (2.40) as:

1.328]{3]0, /pfuooPr%VHg

thira
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Figure 2.13: Actual vs estimated thermal resistance in different air flows for ATS

extruded heat sinks

Here, the length of the heat sink (L) and s+t must both be determined before opti-

mization. For simplicity, it is possible to use the average values (h) provided in Table

2.2. In this case, (2.47) can be simplified as:

— 1(s+1)
R = = .
th h 2Vus
or:
1(s+t
VHS::( _)
h 2Ry,

(2.49)

(2.50)

In order to verify the validity of this model, it is applied to heat sinks available on

the market. Fig. 2.13 shows the actual and estimated values of thermal resistance

in different airflow conditions for 32 heat sinks in the market [77]. Using only three

parameters, (s +t), Vig, and h, this model can estimate the thermal resistance of

different heat sinks in different air flows as can be seen in the picture.

In conclusion, By knowing the average heat transfer coefficient (h) and s+t, the
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required heat sink volume to remove Pjoss 0705 With the maximum temperature rise

of AT, can be calculated as:

(3 + Zf)Ploss,MOS'

1
= = AT (2.51)

After the optimization is done, (2.51) can be used to estimate the heat sink volume.
As a result, the values of L, W, and H can be selected based on the volume of the

heat sink.

2.6 Conclusions

A new loss and volume model for non-isolated DC-DC converter components (induc-
tor, capacitor, MOSFET, heat sink) based on thermal constraints was presented in
this section. This model established a mathematical relationship between technology-
based FOMs, voltage and current stress, and component loss and volume. It was
briefly shown and will be explored in detail in the next chapter that by using technology-
based information and basic component type selection, the need to search for parts
manually in converter optimization for calculations of power loss and volume can be
eliminated. The model was validated both experimentally and through data analysis

for the inductor and heat sink.
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Chapter 3

Optimum Non-Isolated DC-DC
Converter Design

3.1 Introduction

The process of designing a non-isolated DC-DC converter involves identifying de-
sign parameters and selecting the right components to ensure that the electrical and

thermal requirements are met. Switching frequency (fs,), inductor current ripple

(R, = Al—iL) and capacitor voltage ripple (R = %/ZC) are key parameters as they,

along with the circuit input and output data, can identify the specifications of all
components for any given converter.

It is pertinent to keep in mind that converter design is a multi-objective optimiza-
tion problem in which each parameter can have different effects on the optimization
cost functions. Optimal design parameters are sought to achieve the best combina-
tion of total loss and volume. The main difference between conventional and proposed
methods is how these parameters are determined.

As a starting point, this section describes the conventional design procedure. Then,
it will be discussed how the non-isolated DC-DC converter design is regarded as a
multi-objective optimization problem. This section proposes an automated design
procedure based on the component modeling developed in chapter 2. The proposed
method finds the optimal switching frequency, inductor current ripple, and capacitor

voltage ripple. It can be used for a variety of topologies and applications since it
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uses technology-based models for the inductor, capacitor, MOSFET, and heat sink.
Since a simple mathematical model is derived, computation time is insignificant. This
method may therefore be used to examine the effect of individual parameters on the
final performance of non-isolated DC-DC converters.

As a demonstration of how this method can be used, a synchronous Buck con-
verter, as well as a synchronous Cuk converter, will be designed. In order to validate
the method, two optimally designed Buck converters will be compared with four
conventionally designed Buck converters through experiment. In addition, the same
Buck converter optimization problem as [23] will be solved to show how the proposed
method can reduce the optimization time in comparison to Al-based design methods.

It should be noted that power loss is predominantly attributed to inductors, capac-
itors, and power MOSFETSs, and total volume is calculated as the sum of inductors,

capacitors, and heat sinks.

3.2 Conventional Optimized Design Approach

Despite the fact that designers employ a variety of methods to achieve optimum
design [78-81], they mostly rely on the conventional method shown in Fig 3.1. It is
generally the case that all of the design parameters, such as the switching frequency
and ripple factors, are chosen at the beginning of the design process. The switching
frequency is determined by the availability of passive and switching components, and
the limitations of the controller. The inductor current ripple is typically selected
between 10% and 30% under hard switching and continuous current mode (CCM)
conditions.

Based on the design parameters selected in each iteration for the topology, it is
possible to calculate the voltage and current stress of all components, as well as the
required inductance and capacitance. The information provided by this calculation
is then used to select the proper capacitors, MOSFETSs, and heat sinks and to design

magnetic components. All components must be checked to ensure that they work
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Figure 3.1: Conventional optimum non-isolated DC-DC converter design procedure
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properly in a safe operating area. If calculations indicate the temperature exceeding
the maximum safe temperature, the component must be replaced with a more efficient
alternative. Due to the fact that this step is performed manually by the designer, it
is the most time-consuming step in the converter design process.

Based on the specific information of selected components, it is possible to calculate
the total loss, volume, and temperature rise. In this step, CAD tools and finite-
element methods are usually used to provide accurate estimations. A variety of cost
functions, such as volume, loss, or a combination of those, can be chosen to minimize
based on optimization priorities. In the absence of a mathematical model that outlines
the impact of each parameter on converter loss and volume, several iterations are
required. The optimal design can be determined by comparing the values of the cost

function of all designs.

3.3 Proposed Optimized Design Method

This section aims to present a novel approach to optimizing the parameters of a
non-isolated DC-DC converter. This method eliminates manual component selection
using the technology-based component model introduced in chapter 2. This method
attempts to provide a closed-form mathematical formula for the cost function of loss
and volume in terms of design specs and variables, making it suitable for mathematical
optimization approaches to find the optimum design parameters, such as ripple factors
and switching frequency.

This method consists of defined steps, as illustrated in Fig 3.2, which are described

throughout this section.

3.3.1 Design Input Information

Initially, the converter’s design specs and thermal characteristics must be determined.
A DC-DC converter’s design specs provide information on key aspects of its electri-

cal performance, including output current (I,,), input DC voltage (V;,), output DC
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Figure 3.3: Synchronous Buck converter

voltage (Vut), and output voltage ripple (R.,,,). This step of the design process in-
volves determining the switching frequency search space limits that will be used in the
optimization process to identify the component requirements during the next steps.
Along with the design specs, this method also requires the converter’s thermal char-
acteristics, such as ambient temperature (7,,,;), heat transfer coefficient (h), inductor
and MOSFET maximum allowable temperature rise (AT;,q, ATy, ), and temperature
coefficient of resistance of conductor (). Common values for heat transfer coefficient

are summarised in Table 2.2.

3.3.2 Converter Steady-State Analysis

The next step is to analyze the topology and obtain the values for duty cycle (D), in-
ductance (L), capacitance (C), inductor’s average DC current (1), maximum current
(Ip), peak-to-peak current (AIL,), RMS current (I, gass), capacitor’s RMS current
(Ic.rus), capacitor’s AC voltage in RMS (ve rus = Ic"%), capacitor’s maximum
voltage (Vc), MOSFET’s maximum voltage (sz) and RMS current (I, gars), in
terms of the design input information, R, , R¢c and f,,. These calculations can be per-
formed by the designer or found in power electronic references for popular topologies
[73]. Table 3.1 contains the required calculations for a synchronous Buck converter

shown in Fig 3.3. Steady-state analysis of other popular non-isolated DC-DC con-

verters is summarized in Appendix A.
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Table 3.1: Synchronous Buck converter steady-state analysis

Parameter Value
Vout
Duty cycle (D) v
Inductance(L) W
Inductor average dc current (Ig) Tout

Inductor maximum current (Ir,)

Inductor RMS current (I7, gars)

Capacitance (C)

Capacitor RMS current (Ic ras)

Capacitor AC voltage in RMS (ve rars)

Capacitor maximum voltage (V¢)

MOSFET 1 RMS current (Lgy, rMS)

MOSFET 1 maximum voltage (V gy, )

MOSFET 2 RMS current (I, rMS)

MOSFET 2 maximum voltage (V sy, )

Iout(1 + %)

Lout\/1+ 5R2

§RLIout
st’w §RC Vout

T\l/g §RL Iout

% fsw 8%C Vout

o4



3.3.3 Technology Selection

This method tries to estimate losses and volume related to the capacitor, MOSFET,
inductor, and heat sink, using technology-based data prior to optimization rather
than focusing on the final realization of components in each iteration. As part of
this step, the designer will determine which technologies to use based on voltage,
frequency boundaries, cost, loss, and volume performance. At the end of this step,

the proposed method requires the following information to be provided:
Inductor

A selection of the material (Ferrite, Iron powder...) and shape family (ETD, LL, EE,

. ) of the inductor core should be made based on the frequency limits, power rating,
and manufacturing capabilities. As a result of selecting the material, B,,q., X, y, and
z will be determined. As discussed in the chapter 2, choosing the shape family will

determine k,, k., k., and k,.
Capacitor

The type of the capacitor must be determined based on the maximum voltage rating,
the frequency limits, and lifetime requirements. This algorithm needs the ESRV and

C, of the capacitor.
Power Switches

MOSFET series must be selected based on voltage rating, frequency limits, and cost.

The algorithm requires R, Fy, as the input parameter.
Heat Sink

Designers only need to determine the heat transfer coefficient and (s+t) based on the

chosen heat sink series.
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3.3.4 Loss and Volume Estimation

Based on the design input information, converter steady-state analysis, and selected
technologies, this step uses the model developed in chapter 2 to estimate loss and
volume in terms of optimization variables (R, Re, fow)-

When all losses and volume are estimated in this step, the total loss and volume

of the circuit can be calculated as:

Ploss,total<§RL7 éRCa fsw) = ]Dloss,ind + Ploss,cap + Ploss,MOS (31)

Viotal (R, Re, fsw) = Vina + Veap + Viis. (3.2)
3.3.5 Optimization

As part of this step, a multi-objective optimization problem must be solved to mini-
mize the cost function of loss and volume. This step will result in optimal parameters
of Rz, R, fsw), which in turn can be used to calculate all of the other param-
eters of the circuit, such as the required inductance and the required capacitance.

Mathematically, this problem can be expressed as:

%L,r%ér,lfé.w (Ploss,totala ‘Kcotal)a (33)

subject to the defined maximum temperature rises for each component. In this opti-
mization, there is a constraint on the current ripple in minimum load to ensure the
converter operates in CCM in all load conditions.

One way to solve a multi-objective optimization problem is to convert it to single-
objective optimization by summing up weighted individual objectives and defining a
unique objective. A classical optimization tool, such as the Genetic Algorithm, can
then be used to solve a single-objective optimization problem. This method is effective
if the weights are selected correctly. Alternatively, if multiple solutions are desired,
the problem must be solved several times with different weight combinations, which
is not very efficient [82, 83]. Therefore, this thesis uses multi-objective algorithms

rather than weighted single-objective optimization.
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As a result of mutually conflicting objectives, solutions to the problem (3.3) are
a collection of optimal solutions, also called the Pareto optimum solutions [82, 84].
The concept of Pareto optimality mathematically identifies the trade-off between two
mutually contradictory objectives. The Pareto front solutions are those in which one
objective cannot be improved without deteriorating the other. In order to generate
the Pareto front, the ”ParetoSearch” algorithm developed by MATLAB is used in
this thesis [85, 86].

The number of optimal solutions corresponds to the population (P) of a multi-
objective optimization tool (for example, a genetic algorithm). Pareto front divides
the space into feasible and non-feasible solution regions, as shown in Fig. 3.4. As soon
as one gets a set of Pareto-optimal solutions X; = (Rz,, Re.,, few,), @ € [1,2,3, ..., P],
a decision must be made regarding which of the solutions is the most appropriate. In
the method developed by [82] to determine the best optimum points automatically,
it is supposed that through single-objective optimization of power loss and volume,

Viotal is obtained as ”ideal point” in Fig. 3.4. In view of the fact

min]

[Ploss,totalmm )
that loss and volume are not of the same type, normalized loss and volume should
be used. As follows, the distance (d) between the ideal point and all Pareto optimal

solutions can be calculated by:

A(X) = \/ Pross otat, (X3) = 12 + (Vigtar, (X:) — 1)2, (3.4)
where
Poss ota XZ
Ploss,totaln (Xz) = %l(), (35)
loss,total ;.
and
Va a Xz
‘/;fotaln (XZ) - ‘t/tl—() (36)
totalpin

The best solution has the shortest distance (Min (d)) to the ideal point.
Using parametric equations derived in previous sections, Xope = (Rr,,., Ry s fswop:)

will be used to calculate all other circuit parameters. The following parameters will
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Figure 3.4: Schema of the Pareto front for the minimization of two contradictory

objectives [82]
be available at the end of this step:

e Inductor

Optimum current ripple (Rz,,,)

Average dc current (I, ,)

~

Maximum current (/r,,)

Optimum Inductance (L)

[

[

[

B RMS current (11 rus,,,)
[

B Optimum area product (A, ,)
[

Optimum core loss to winding loss ratio (Vopt)

e Capacitor

B Optimum voltage ripple (R.,,,)

B Optimum capacitance (Copt)

B Capacitor’s AC voltage in RMS (v, RMSopt)
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e MOSFET

B RMS current (Isw,RMSopt)

~

B Maximum voltage (Vu,,,)
e Heat Sink
M Optimum Volume (Vys,,,)

3.3.6 Optimal Component Selection

In this step, the optimal design parameters (Copt, Lopt, Sswape ...) that were calculated

in 3.3.5 are used to realize switches and passive components.
Inductor

Based on the material and shape selected in 3.3.3, the designer can use %, I,
i Lopts 1 L,RMS ;0 Yopts and L,, to implement the magnetic design. The steps for

magnetic design are as [66]:

1. Find a core in the market with an area product equal or larger than A, . and

Popt

determine A., W,, MLT, inductance per turn (Ay), core thermal resistance

(Rsn, ), and magnetic length (I.) based on the core datasheet.

2. Find pop:

BmazchL,RMsopt

u Hopt = ol AT, akuWa
olr ot
opt RthL pTMLT

3. Calculate air gap (g) for gapped cores:

Hopt

4. Calculate the number of turns (N):
Lopt
. N = Q/T
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5. Calculate K;:
W K=o
6. Calculate Jy:

— A,Tind 1
B Jo = Ki\/ ey / Aron:

7. Calculate A,

I rMS
4, = s

8. Calculate skin depth (0)

H)i= /L
7rfquH/()ptl/L()

9. Find Litz wire with total conduction area equal or bigger than A,,, and each

strand’s area equal or smaller than 0.

A full explanation of the use of these parameters when designing an inductor can

be found in [66].
Capacitor

Among the type chosen in 3.3.3, the designer can use one or more identical capacitors
(Chase) in parallel to build up C,p; calculated in 3.3.5. The number of capacitors in

parallel (n¢) is calculated as:
Copt

- @. (37)

nc

To ensure that capacitors do not violate the maximum operating temperature, they
must be able to handle the voltage ripple requirement (v, RMSom)' The datasheet
must therefore be checked in order to use capacitors with a higher voltage ripple

capability than is required by the application.
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Power Switches

The designer needs to use the I, RMS,,, calculated in 3.3.5 to select a MOSFET from
the technology chosen in 3.3.3 and then calculate the number of MOSFETS in parallel
as 2.33. It is always better to use MOSFETSs that can guarantee optimal loss with a
fewer number of MOSFETs in parallel, in order to reduce costs. It is thus possible to
compare the MOSFETS of each technology to find the one with the ng, ~ 1 referring
to 2.33.

Heat Sink
By using optimum heat sink volume (Vgs,,,), the designer can determine the width

(W), length (L), and height (H) of the extruded heat sink.

3.4 Optimized Buck Converter Design

In this section, a step-by-step optimized Buck converter design example is provided.
Using this example, it can be seen how the proposed method resolves the time-

consuming procedure of conventional design methods.

3.4.1 Step 1: Design Input Information

The design specifications are summarized in Table 3.2.

3.4.2 Step 2: Converter Steady-State Analysis

The information required for the Buck converter is the same as that listed in Table

3.1

3.4.3 Step 3: Technology Selection

As a result of the switching frequency search space limits and the design input infor-

mation, the following technologies are selected:

e Inductor
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Table 3.2: Design specs and thermal specifications of the Buck converter

Item Value
Vi 24V
Vout 12V
Tout 15 A
Reous 3%
Switching frequency search space limits 20kHz-150kHz
Tomp 70°C
h 10W/m?°C
ATing 15°C
ATy, 50°C
a 0.00393 5%

B Material : Mn-Zn Ferrite

* x: 16.9
x y o 2.35
*x 71 1.25
¥ Bz 0.25T

B Shape : ETD series

x k, : 38.5
x k.: 55
x ky 0 7.5
x ky o 0.3

e Capacitor

B Aluminum polymer - A759 series

* ap = 121077
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* g = 547 x 10710

* a3 = 1.23 x 107
e MOSFET

B Infineon Technologies 80V

* RopFap @ 2.1 x1078QJ
e Heat sink

B stt: 3.5 %103 m

3.4.4 Step 4: Loss and Volume Estimation

As part of this step, all of the parameters obtained in the previous steps must be
passed to the model to estimate loss and model in terms of switching frequency and

inductor current ripple. Fig. 3.5 shows an estimation of loss and volume as a function

of fs, and Ry.

20000 150000

150000 117500
117500 85000
85000 o (f.) L) B
52500 gren®” :
g

20000 B 0

52500 ( T
20000 Y“\Q\ww"‘
i
e

(a) (b)

Figure 3.5: An estimation of the loss and volume for a given Buck converter for
different switching frequencies and inductor current ripple values a) Loss estimation
b) Volume estimation

As a matter of fact, there are some points at which loss and volume are the mini-

mums, and we will determine this in the optimization step.
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Figure 3.6: Buck converter Pareto plot

3.4.5 Step 5: Optimization

Fig 3.6 presents the Pareto front plot of the Buck converter multi-objective opti-
mization problem. The Pareto optimum points are shown by black circles and the
big black circle presents the ideal point. As can be seen from the plot, a single-
objective optimization based on loss results in Pogsotar, , being equal to 2.35 W
at ®, = 1.29 and f,, = 20kHz. A similar observation can be made with regards

to the minimum volume, being equal to Vigar. .. = 1.76 x 107°m3 at R, = 0.66 and

fsw = 150k H z. As a result of calculating the normalized loss and volume of all Pareto
optimum points, and then using (3.4) to calculate the distance from the ideal point,
the best optimum point with the minimal distance (point A) can be obtained, which
i Ploss total = 2.8W and Vipe = 2.03 X 1079m?3. This combination of loss and volume

occurs at Ry, , = 0.81 and fq,,, = 62650H 2.

Rr,,. and fo,,,, must be used to calculate all other parameters as:
e Inductor
W R, =081
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W, =154

W/, =21.0754

W [ rus,, = 15414
WL, —7.88%uH

WA, , =1.047 x 10~5m*

W, =0.36
e Capacitor

B R, 6 =0.03

Copt

W C, =67.3uF

B vorus,, =521 x 10V
e MOSFET

B [, rus,, = 10.80A

B L, rus,, = 10.80A

~

m V., =24V

Y = 24V

Sonpt

e Heat Sink
[ | VHSopt = 5.81 x 107%m?

3.4.6 Step 6: Optimal Component Selection

This step is where the values obtained in the optimization step must be used to
realize components and magnetic components. Table 3.3 shows a list of all the selected
components. The inductor has been designed using the method developed by [66]. We
have chosen one of the capacitors from the KEMET A759 series, and since the required

capacitance is 67.39 uF, a capacitor with a capacitance of 68 pF' is selected. As a
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Table 3.3: Selected switching and passive components for the optimized Buck con-
verter

Component Properties

Inductor  material: EPCOS N87 Mn-Zn
Shape: ETD 34
N=7,Jy=321x104/m?
Wire: Litz 420*AWG36

Capacitor 2*A759MS686M1HAAE032[87]
681 F', Aluminum Polymer, 50 V , KEMET A759 series

MOSFET 1*IPP019NOSNF2S as MOSFET 1, T*IPP019NOSNF2S as MOSFET 2
R,, = 1.9mQ , E,, = 9.37 x 10°6J

Heat sink A cut of 15*15%27 mm (L x W x H)
Extrudes heat sink

result of the optimization step, the required volume of the heat sink is determined.
Choosing the dimensions (L, W, H) to fit that volume is the only thing done in this

step.

3.5 Design non-isolated converters with more than
one inductor

The proposed design optimization can be utilized in many applications, including
back-to-back non-isolated DC-DC converters and converters with more than one in-
ductor such as Cuk and Sepic. A major challenge when designing power converters of
this type is selecting the proper design parameters. Most designers use typical values
for inductor current ripple, capacitor voltage ripple, and switching frequency. In this
way, it is common for engineers to choose equal ripple factors for both inductors to
reduce the number of options available. Similarly, all capacitors are used with the
same ripple factors. Due to the nonlinear effects of these variables on the final volume

and loss, such choices are normally not optimal.
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Figure 3.7: Synchronous Cuk converter schematic

Similar to the 3.4, the same procedure was followed for a 180W 24V to 12V syn-
chronous Cuk converter shown in Fig. 3.7 with design specifications summarized in
Table 3.2. Table A.4 summarizes the steady-state analysis results for a synchronous
Cuk converter.

Using similar technology choices as in section 3.4, Fig. 3.8 illustrates a Pareto front
containing a number of different optimal solutions for the given problem. The best
optimum solution is selected based on the minimum distance from the ideal point.
In this example, Ry, = 0.85, Rz, = 0.95, e, = 0.01, Re, = 0.03, and fs, = 55000
will result in the best optimum solution. Fig. 3.8 shows that ®,, = 2, ®;, = 1,
Re, = 0.01, Re, = 0.03, and fg, = 22000 will result in the minimum power loss.
Similarly, the minimum volume can be obtained by choosing R, = 0.7, Ry, = 0.7,
Re, = 0.05, Re, = 0.03, and f, = 100000 . Depending on the constraints and
limitations of the design project, the designer may decide whether loss or volume is

more critical and what design parameters must also be chosen.

3.6 Validation of the Proposed Method

Two approaches have been used to demonstrate the proposed optimization method’s
efficacy. As part of the first approach, six Buck converters are designed and imple-

mented, two of which are chosen among Pareto optimal solutions, and four others
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Figure 3.8: 180W, 24V to 12V synchronous Cuk converter Pareto plot

are designed by the conventional method. In the second case, the proposed method’s
results are compared with those produced by [23], which uses Al-based component

modeling for a single-objective loss optimization in a synchronous Buck converter.

3.6.1 Casel

Four Buck converters (Design 2 to 5) with the same design specifications but dif-
ferent switching frequencies and inductor current ripples have been conventionally
designed. Common values used by designers are chosen for both inductor current
ripple and switching frequency. Design (1) represents point B in Fig. 3.6 as one of
the Pareto optimal solutions, whereas Design (6) represents the best optimal solution
according to the Pareto principle. This example compares the total loss and volume
of all converters. Volume is determined by analyzing capacitor data sheets and mea-
suring inductor and heat sink dimensions. Power losses are indirectly determined by
measuring each component’s mean current and voltage at the input and output ter-
minals with an oscilloscope. The voltage and current waveforms of the best optimal

synchronous Buck converter are shown in Fig. 3.9.

68



Table 3.4: The comparison of the volume and loss of four conventionally designed
Buck converters (2 - 5) with two Buck converters designed by the proposed optimiza-
tion method (1 and 6).

Design = Rp%  fow(kH2) Piossind Ploss,cap Ploss,M0S Vind Veap Vis Ploss,total Viotal

1* 80.0 100 0.67 0.50 2.11 1.05x107° 1.31x107% 7.40x 1076  3.28 1.92 x 1070
2 20.0 20 217 0.05 0.75 9.04 x 107> 825 x 1077 2.65 x 1076 297 940 x 107°
3 16.2 120 0.95 0.01 1.75 2.37x 107 1.10 x 107% 6.00 x 1076 2.71 3.10 x 107°
4 20.0 100 0.89 0.05 1.52 2.37x107° 1.57x 1077 5.35x1076 246  292x107°
5 70.0 20 1.7 0.10 0.80  343x107° 330x10°% 280x10% 260  4.00x107°
6* 80 62.65 0.82 0.40 1.27 1.50 x 107°  1.02 x 1076 4.40 x 10~° 249  2.04x 107°
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Ch I: Input Voltage
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Ch 3: Inductor Current
Ch4: Output Current
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Figure 3.9: Voltage and current waveforms of implemented best optimum synchronous
Buck converter (Design number 6)
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Figure 3.10: A comparison of the error of loss and volume in different designs with
the minimum achievable loss and volume when designs 1 and 6 are chosen among the
Pareto optimal solutions, and others are non-optimal conventional designs

Table 3.4 and Fig. 3.10 show that designs 1 and 6 offer better combinations of
loss and volume in comparison to non-optimal conventionally designed converters.
Moreover, the measurement results indicate that the measured volume and loss are
close to the estimates in Fig. 3.6. Finding such optimal design points using the
conventional optimization method takes a lot of time. In every iteration, both the
switching frequency and inductor current ripple will have to be chosen, and component
selection and magnetic design will have to be performed manually. As demonstrated
in 3.4, this optimization is done in a non-iterative manner, and a wide area in terms

of inductor current ripple and the switching frequency is covered.

3.6.2 Case 2

For single-objective optimization on efficiency for a synchronous Buck converter, the
authors of [23] have used artificial intelligence and precise CAD tools such as An-
sys. The method has been presented by designing an optimal 100W, 48V to 12V
synchronous Buck converter.

We run a single-objective optimization on efficiency with the same design specifi-

cations and technology information. A summary of the design specifications can be
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Table 3.5: Design specs of the synchronous Buck converter in [23]

Ttem Value
Vi 48V
Vout 12V
Pout 100 W
Re,., range <1%
R range < 10%

Switching frequency search space limits 20kHz-200kHz

Inductor core Toroidal TAF-200 series
Capacitor 25V Nippon KZE series
Power Switch (No optimization) IRFB4310PbF, Infineon

Table 3.6: Comparison of the optimum solution for efficiency optimization in a 100W
48V to 12V synchronous Buck converter

Reference fsw,,, (kHz) R, , e,
[23] 36.6 9.7% 0.573%
Proposed method 35.2 10%  0.675%

found in Table 3.5. This study uses MATLAB’s ” Patternsearch” method for 200 iter-
ations to find the optimum solution. Fig. 3.11 shows the total loss in each iteration.

A comparison has been made between the results of the two methods in Table
3.6. Using four CPU cores, all the simulations and calculations by [23] took more
than two days, whereas the proposed method finds the final solution in less than a
minute. Although this thesis uses a simple and low computationally burdened model,
its final optimal solutions are very similar to what was found by [23]. Additionally,
the proposed method can run multi-objective optimization problems without adding

complexity.
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Figure 3.11: Synchronous Buck converter total power loss in different iterations

3.7 Study the Effects of Design Parameters on Fi-
nal Loss and Volume

The proposed method allows the development of a closed-form mathematical model
which can be used to study the relationship between each design parameter and the
final loss and volume of the converter without the necessity of designing the converter
manually. For example, as part of the technology selection step, this study can be
conducted to determine which components have the greatest effect on the final loss
and volume. Aside from that, it also determines which components need to undergo
an upgrade to more expensive, higher-performing ones if efficiency or volume fails to
meet the constraints and limitations.

This section will study the effects of switching frequency and inductor core shape
on a Buck converter with specifications detailed in 3.4. In each study, it is assumed
that all parameters remain untouched except for that parameter under study, and
Pareto optimal solutions will be derived for different values of that parameter. In the

same way, designers can use this tool to see the impact of all other parameters on the
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Figure 3.12: Buck converter Pareto optimum solutions for different switching frequen-
cies

final results.

3.7.1 Switching Frequency

In this study, Pareto optimal solutions are derived for different switching frequencies,
as shown in Fig. 3.12, where the only optimization variable in this study is the induc-
tor current ripple. As expected, higher switching frequencies result in higher losses
and lower volumes. However, as can be seen, the volume does not decrease as the loss
increases for frequencies higher than 80000 Hz. It shows that the disadvantages of
choosing frequencies higher than 80000 Hz greatly outweigh the advantages for this

particular application.

3.7.2 Core Shape

Designers choose a core shape during the design process, whether using the conven-
tional or proposed method. Most of the time, the designers ignore the impact of the

core shape on the final volume and loss, and they normally choose the core shape
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based on availability, cost, and experience. EE, ETD, Planar, and EI core shapes
are considered in this study, and the Pareto front is derived as shown in Fig. 3.13.
The figure shows that different core shapes lead to different Pareto optimal solutions.
In this case study, the final converter will be more efficient and have a higher power

density when EI and EE core shapes are used instead of ETD and planar cores.

3.8 Conclusions

An optimized non-isolated DC-DC converter design method was described and com-
pared with conventional designs. Step-by-step design procedures were demonstrated
through examples of synchronous Buck and Cuk converters. In comparison with the
conventional optimization method, it was shown that design time is drastically re-
duced because it is no longer necessary to iterate through manual parameter searching,
magnetic design, and component selection. Due to the extensive search for optimal
parameters in a larger space, the results are close to the global optimum solution.

Two optimum Buck converters were experimentally implemented to validate the de-
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Figure 3.13: Buck converter Pareto optimum solutions for different core shape families
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sign process, and their loss and volume were compared to four conventionally designed
Buck converters. In this comparison, the optimum designs provide high efficiency and
power density while having a more balanced loss and volume set. Compared with the
artificial intelligence, neural networks, and online simulation used by [23] to optimize
loss in a synchronous Buck converter, the proposed method found similar results in
a much shorter time (less than a minute compared to almost two days).

This tool also was used to provide insights into the impact of switching frequency
and core shape on the loss and volume of a Buck converter to show other capabilities

of the proposed method.
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Chapter 4

Comparison of Non-Isolated
DC-DC Converters

4.1 Introduction

Various DC-DC converter topologies can be used to achieve a similar design specifi-
cation. Choosing the proper DC-DC converter topology is one of the most significant
challenges designers face in developing power converters.

Isolated and non-isolated converters are the two main categories of DC-DC con-
verters. Transformers separate the input and output sides in isolated converters to
provide galvanic isolation and output both positive and negative voltage across a wide
range of input voltage. In non-isolated DC-DC converters, the input and output are
not physically isolated. Power electronics applications extensively use non-isolated
DC-DC converters because they utilize fewer components, are easier to control, are
smaller in size, and cost less [88]. There are a variety of topologies available in this
category, including Buck, Boost, Buck-Boost, Sepic, Cuk, and Zeta converters, as
shown in Fig. 4.1. A Buck converter is only designed for step-down applications, and
a Boost converter is always used for step-up applications. In contrast, other converters
in Fig. 4.1 are typically used when both step-up and step-down are needed. Choosing
the suitable topology based on the application, voltage, and power characteristics is
challenging, especially when several topologies are available.

This chapter proposes a new method for comparing non-isolated DC-DC converters.
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Based on the multi-objective optimization on volume and power loss developed in

chapter 3, the optimum design is determined for each specific power rating and gain

requirement.

Once the optimum design is determined, estimated power loss and

volume will be used to compare that topology with other topologies.
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Figure 4.1: Electrical schematics of different non-isolated DC-DC converters



Two case studies are used to demonstrate the feasibility of this method. The first
case investigates how voltage gain impacts total loss and volume in designing different
DC-DC converter topologies. In this example, Buck, Boost, Buck-Boost, Cuk, Sepic,
and Zeta topologies will be designed for different voltage gains. The output voltage
and power are fixed at 12V and 180W, while the input voltage determines the voltage
gain. To find the optimum design for each topology in each voltage gain, a multi-
objective optimization on the volume and loss is performed and optimal design vectors
are achieved and used to estimate the total loss and volume. Comparing estimated
loss and volume allows the designer to find the best converter for a given use case.

As part of the second case study, simple Buck-Boost and non-inverting Buck-Boost
converters have been compared to fulfill a realistic converter requirement involving
an input voltage of 150-600V, a power output of 10.5 kW, and an output voltage of

400V. These converters will be compared in terms of power loss, volume, and cost.

4.2 First Example: Comparison of Single-Stage
Non-Isolated Topologies at Different Voltage
Gains

Voltage gain is one of the factors that designers must take into consideration when
choosing the proper topology for the application. The effect of voltage gain on the
total loss and volume of different topologies may vary. Therefore, some topologies
could offer a relative advantage in specific voltage gains. Without a fair comparison
method, designers mostly rely on experience.

This section aims to compare well-known single-stage non-isolated DC-DC convert-
ers in terms of power loss and volume at different voltage gains for a specific output
voltage and power requirement.

The output nominal specifications and system parameters are summarized in Table
4.1. The input voltage sweeps between 1 and 120V (0.1 < Gain < 10) to simulate

different voltage gains. A study is performed to determine the optimal design of all
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Table 4.1: Required design specs and thermal specifications

Item Value
Vout 12V
Lout 15 A
Reous 3%
Switching frequency search space limits 20kHz-150kHz
Tomp 70°C
h 10W/m?°C
ATing 15°C
ATy, 50°C
a 0.00393 5%

converters for each voltage gain. As a result, estimated total loss and volume are
used for comparison.

The first step of this example will be to describe the main assumptions about
technology selection and optimization procedures. Then, a comparison will be made

based on the estimated total loss and volume.

4.2.1 Technology Selection Assumptions

As discussed in chapter 3, one of the steps in the optimum design of a non-isolated DC-
DC converter using the proposed method is to select technologies based on the design
input information and steady-state analysis of each topology. A summary of the
steady-state analysis results for the converters under study can be found in Appendix
A. Using this information and the input voltage range, Table 4.2 summarizes the
component voltage requirement in each topology. In this case, the input voltage has
a determining impact on the voltage requirement of capacitors and MOSFETs. In the
Sepic converter, for example, if the input voltage is 80V, the MOSFET’s maximum
voltage would be 92V, whereas if the input voltage is 10V, this value equals 22V. In

order to make the comparison fair, two MOSFET technologies with different voltage
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Table 4.2: Component requirement for different topologies

Topology MOSFET Inductor Capacitor

Buck Vaw,= Vin fow < 150kHz V. =Vyu
Vew,= Vin

Boost V;wl: ot fsw < 150kH z VC =Vout
Vews= Vout

Buck-Boost Vi, = Vin 4+ Vour  fow < 150kHz Vi =V
Vews= Vin + Vout

Cuk Vo= Vin + Vour  fow <150kHz Ve, =Vin + Vour
Vews= Vin + Vout o2 =Vout

Sepic Vewr=Vin + Vour  fsw < 150kHz V. =Viy,
Vews= Vin + Vout o2 =Vout

Zeta Ver=Vin + Vour  fsw < 150kHz Vo =V
Vews= Vin + Vout o2 =Vout

ratings are selected to be used during the comparison. As a result, if the MOSFET
voltage in one scenario in a topology is lower than 60V, 80V MOSFET technology
will be used. On the other hand, if the MOSFET voltage is higher than 60 V, 150V
MOSFET technology will be utilized. As far as capacitors are concerned, the same
scenario applies. As a result, for this study, the following technologies have been

selected:

e Inductor

B Material : Mn-Zn Ferrite

* x: 16.9
x y o 2.35
x z:1.25

% Bpaw : 0.25 T
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B Shape : ETD series

x k, : 38.5
x k.: 5D
*x ky 0 7.5
x ky 0 0.3

e Capacitor

B Aluminum polymer - A759 series

x aqp = 121077
% (g = .47 x 10710

* a3 = 1.23 x 107
e MOSFET

B Infineon Technologies 80V Through hole MOSFETs for V,, < 60V
% RonEsw @ 2.1 x1073QJ

B Infineon Technologies 150V Through hole MOSFETSs for 60V <V,
* RopEyy 1 1.12 x1077QJ

e Heat sink

B s+t: 3.5 x103m

4.2.2 Multi-Objective Optimization on Total Loss and Vol-
ume

The optimization process is carried out using the ” ParetoSearch” algorithm developed

by MATLAB. The best optimal solution in each scenario is automatically selected

based on the distance to the ideal point. As a result, optimum designs are achieved

for each topology and voltage gain, and power loss and volume are calculated. Tables
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Figure 4.2: Total power loss vs voltage gain in optimum designs of various non-isolated
DC-DC converters

B.1, B.2, B.3, B.4, B.5, and B.6 present the optimum design parameter vectors for
all topologies in different voltage gains. These tables present the total converter loss
under full load conditions. Figs. 4.2 and 4.3 show the total loss and volume estimation
of optimum designs. According to Figs. 4.2 and 4.3, the Buck and Boost converters,
as expected, provide the most optimal combination of volume and total loss when
only step-up or step-down operations are required. According to these figures, at
the same power rating, boost operation produces more loss and requires more space
compared to Buck operation.

When selecting a topology among Buck-Boost, Cuk, Sepic, and Zeta, for a specific
scenario, a designer can rank different topologies based on loss and volume. In the case
of Gain = 10, for example, Fig 4.3 shows that the Cuk converter is the largest, whereas
the Buck-Boost converter wins over other competitors in terms of total volume. It
could be because the Buck-Boost converter has fewer energy storage components than
Cuk, Sepic, and Zeta converters. The efficiency curve can be drawn for Gain = 10,

using the estimated values for the inductor, capacitor, and switches, as shown in Fig.
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Figure 4.3: Total volume vs voltage gain in optimum designs of various non-isolated
DC-DC converters

4.4. According to Fig. 4.4, the Zeta converter provides the highest efficiency for most
load conditions, while the Sepic converter provides the lowest efficiency. As a result,
for an application with V;, = 1.2, V,,, = 12V, and I,,; = 15A, topologies can be
ranked in the following order:

Efficiency : Zeta > Cuk > Buck-Boost > Sepic

Power Density: Buck-Boost > Zeta > Sepic > Cuk

Therefore, choosing between the Buck-Boost and the Zeta is a matter of deciding
which one of these two factors is most important to the designer, volume or loss.

It is merely an example, but the methodology can be applied to a wide variety of
similar investigations. As a result, the designer is able to define input and output
characteristics and run the algorithm to determine which topology will result in the
best combination of total loss and volume. As can already be seen from the example
above, this method is more flexible than the methods that have already been used
in the literature to compare different topologies. Furthermore, the enhancement of

efficiency and power density are two important factors that are used as comparison
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Figure 4.4: Efficiency curve for Buck-Boost, Cuk, Sepic, and Zeta converters for Gain
=10

criteria in this method.

4.3 Second Example: Comparison of Two Types
of Buck-Boost Converters for a Certain Ap-
plication

Recently, there has been a tendency by many researchers to merge simple non-isolated
DC-DC converters and make novel topologies in an attempt to enhance performance,
resolve problems, and add new capabilities to existing topologies [89-91]. As shown
in Fig. 4.6, a non-inverting Buck-Boost converter has been constructed by merging
a Buck and Boost converter illustrated in Fig. 4.5. This topology is used instead of
a simple Buck-Boost converter when the positive output voltage is required for the
system.

Many designers prefer the simple Buck-Boost converter in cases where the output
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Figure 4.5: Multi-stage Buck-Boost converter comprised of a Buck converter in the
first stage and a Boost converter in the second stage
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MOSFET 2

Figure 4.6: Synchronous non-inverting Buck-Boost converter schematics

voltage polarity is not a concern, as the number of components is reduced and the
control of the converter is easier. However, the voltage and current stresses imposed
on the switching components in a simple Buck-Boost converter are greater than those
imposed on switching components in a non-inverting Buck-Boost converter. As a re-
sult of high voltage and current requirements, designers almost always have to choose
more expensive, larger, and less efficient components. Thus, it may be challenging to
choose between these two options in some particular situations.

It is imperative to choose the design parameters carefully, as they will significantly
impact loss and volume. Therefore, it can produce an unwanted disadvantage if the
parameters for one of the topologies are incorrectly chosen. An objective comparison
of the optimal topologies for a particular application can help a designer ensure that
the comparison is fair.

It is the objective of this study to compare the optimal designs of these two con-

verters in terms of power loss and power density for a real-world application with the
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Figure 4.7: Synchronous Buck-Boost converter schematics

following specifications:
e Input voltage (V;,) : 150-600 V
e Output voltage (V) : 400 V
e Output power (P,,) : 10.5 kW
e Output voltage ripple (R¢,,,) : 3%.

It would be the first step in this study to design optimal circuits based on the worst-
case scenario. The volume estimated in the optimum design will be used to compare
volumes when a design is made. As long as the components’ parameters are known,
then the input voltage would be swept to find the efficiency curve for each design. A

loss performance comparison will then be conducted based on these efficiency curves.

4.3.1 Design Synchronous Buck-Boost Converter

A simple Buck-Boost converter is shown in Fig. 4.7. The worst-case scenario for
design occurs when the minimum input voltage is applied to a Buck-Boost converter
with fixed output voltage and power. Thus, the design input information for the
synchronous Buck-Boost converter would be as Table 4.3.

However, it is pertinent to consider the maximum input voltage when selecting voltage
ratings for components and technologies. The maximum voltage rating of different

components would be as follows:
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Table 4.3: Design specs and thermal specifications of the Buck-Boost Converter

Item Value
Vi 150 V
Vout 400 V
Tout 26.25 A
Reour 3%
Switching frequency search space limits 20kHz-150kHz
Tomp 70°C
h 10W/m?°C
AT;na 15°C
ATy, 50°C
a 0.00393 5%

~

e MOSFET 1 maximum voltage (Vi) = max(Vi, + Vo) = 1000V

e MOSFET 2 maximum voltage (VSAW) = max(Vi, + Vour) = 1000V

e Output capacitor maximum voltage (V.) = maz(V,,;) = 400V

Based on the design input information and synchronous Buck-Boost converter
steady-state analysis summarized in Table A.2, the following technologies are se-

lected:
e Inductor

B Material : Mn-Zn Ferrite

* x: 16.9
x y: 2.35
x z: 1.25

* Boaz @ 0.20 T

B Shape : Ul series
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x k, . 40.0

x k. : 5.5
x ky 0 7.5
x Kk, : 0.3

e Capacitor

B Aluminum Electrolytic - PEH200 series

x q :265006
% Qo :1.42 x 1078

* g :1.49 x 1076
e MOSFET

W IXYS- 1100 V

% RopFay @ 6.37 x1074QJ
e Heat sink

B Extruded heat sink

% s+t : 3.5 x103 m

The multi-objective optimization problem for the Buck-Boost converter is solved
using selected technologies and developed loss and volume models. Pareto optimal
solutions can be seen in Fig. 4.8. Looking closely at the graph, it is evident that
all the minimum loss, minimum volume, and best optimum solution occur at f, =
20000H z. There is a reason for this, which can be attributed to the poor performance
of high-voltage MOSFETSs at higher frequencies. In MOSFETS, increased loss leads
to higher heat sink requirements, so to optimize the MOSFETS’ volume and loss, the

optimization tool keeps the frequency at the minimum limit.
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Figure 4.8: Pareto plot of the synchronous Buck-Boost converter

Fig. 4.8 shows that the minimum loss occurs at ®; = 0.35 and f,, = 20kHz,
whereas the minimum volume is observed at Ry = 0.85 and f,,, = 20kHz. According
to the model developed in section 3.4, a Pareto optimal solution with the least distance
to the ideal point is the best among all Pareto optimal solutions. Therefore, the best
solution occurs at $;, = 0.71 and f,, = 20kHz. The component selection can be
made based on the chosen technologies using the inductor current ripple and switching
frequency. Table 4.4 summarizes the selected components. It is worth noting that
for the inductor and heat sink, the estimated values are used as references for the

comparison.

4.3.2 Design Non-Inverting Buck-Boost Converter

Fig. 4.6 demonstrates the technical schematics of a non-inverting Buck-Boost con-
verter. As with a simple Buck-Boost converter, the worst-case scenario occurs when

the minimum input voltage is applied. Thus, the input information for the non-
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Table 4.4: Selected switching and passive components for the Buck-Boost converter

Component Properties

Inductor  material: EPCOS N87 Mn-Zn
Shape: 180UI
Inductance (L) =80uH
Estimated DC resistance (Rpc) =1.8mf2
Estimated volume (Vj,g) =1.3 x 1073m?

Estimated core volume (V) =8.8 x 10~*m?

Capacitor 1*PEH200ZB3150M[92]
150 F; Aluminum Electrolytic capacitor, 500 V , KEMET PEH200 series

MOSFET 6*IXFB40N110P as MOSFET 1 , 4*IXFB40N110P as MOSFET 2
Ron = 260mQ) , Eyp = 2.6 x 1073J

Heat sink Estimated volume (Vg) = 3.4 x 1073m3

Extrudes heat sink

inverting Buck-Boost converter would be the same as the simple Buck-Boost con-
verter shown in Table 4.3. The maximum voltage ratings of different components,

however, vary and can be summarized as follows:

~

e MOSFET 1 maximum voltage (Vs,,) = max(V;,) = 600V

~

MOSFET 2 maximum voltage (Vi,,) = max(V,) = 600V

~

MOSFET 3 maximum voltage (Viy,) = max(V,y) = 400V

~

MOSFET 4 maximum voltage (Vi,) = max(V,y) = 400V

Output capacitor maximum voltage (V,) = maz(V,y) = 400V

Technology selection will be made based on the maximum voltage requirements,
design input information, and non-inverting Buck-Boost converter steady-state anal-

ysis summarized in Table A.3. The selected technologies are as follows:
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e Inductor

B Material : Mn-Zn Ferrite

* x: 16.9

x y: 2.35

*x 7 : 1.25

* Boez 0 025 T

B Shape : Ul series

x k, : 40.0

x k.: b.b

x Ky @ 7.0

x k, 1 0.3

e Capacitor

B Aluminum Electrolytic - PEH200 series

* oy 265006
% g :1.42 x 1078

* g :1.49 x 1076
e MOSFET
B IXYS-650V for MOSFETs 1 and 2

% RonEsy @ 2.07 x107°QJ

B IXYS-600V for MOSFETSs 3 and 4
% RopFay @ 3.44 x107°QJ
e Heat sink
B Extruded heat sink
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Figure 4.9: Pareto front plot of the synchronous non-inverting Buck-Boost converter

x s+t : 3.5 x10™3 m

Fig. 4.9 illustrates the optimal Pareto solutions derived from a multi-objective
optimization of volume and loss in the non-inverting Buck-Boost converter based on
the Pareto principle. It is worth noting that in the same way as the Buck-Boost
converter example, the frequency cannot be increased to minimize volume since high-
voltage MOSFETs have a high switching loss, and therefore, larger heat sinks are
required. According to Fig. 4.9, the loss will be the smallest possible if &8, = 0.62
and fy, = 21981 H z are used. Similarly, *;, = 0.91 and f,,, = 22032H z must be used
to obtain the minimum volume. The best optimal Pareto solution with the shortest
distance to the ideal point can be achieved by using ®; = 0.82 and f,,, = 22029H z.

Using the optimum inductor current ripple and switching frequency, Table 4.5 sum-
marizes the selected components for the non-inverting Buck-Boost converter. Similar

to the Buck-Boost design procedure, estimated values of inductor DC resistance and
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heat sink volume are used as references.

Table 4.5: Selected switching and passive components for the non-inverting Buck-
Boost converter

Component Properties

Inductor  material: EPCOS N87 Mn-Zn
Shape: 180UI
Inductance (L) =63uH
Estimated DC resistance (Rpc) =1.4mf2
Estimated volume (Vjng) =1.2 x 1073m?

Estimated core volume (Vo) =7.89 x 10~4m?

Capacitor 1*PEH2000A3150M[92]
150pF'; Aluminum Electrolytic capacitor, 420 V , KEMET PEH200 series

MOSFET 6*IXFH90N65X3 as MOSFET 1 , 3*IXFHI0N65X3 as MOSFET 2
Ron = 33mS) | By, = 6.29 x 1074J

MOSFET 5*IXFK90N60X as MOSFET 3 , 2*IXFK90N60X as MOSFET 4
R,, = 38mQ) , B, = 9.06 x 107*J

Heat sink Estimated volume (Vgs) = 1.2 x 1073m?

Extrudes heat sink

4.3.3 Comparison of Volume, Loss, and Cost

A: Total loss and efficiency

A power loss calculation can be carried out for any possible input voltage by using
the component parameters. A comparison of the total loss of Buck-Boost and non-
inverting Buck-Boost converters at different input voltage levels at full load is depicted
in Fig. 4.10. The loss in the Buck-Boost converter is two to three times greater
than that in the non-inverting Buck-Boost converter during most of the input voltage
range shown in this figure. In spite of the fact that Buck-Boost converters have fewer

components, the total loss is higher in comparison with the non-inverting Buck-Boost
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converter. Asseen in Fig. 4.11, the efficiency of the Buck-Boost converter is compared
to that of the non-inverting Buck-Boost converter at different input voltages. In the
figure, it can be seen that using a non-inverting Buck-Boost converter instead of a
simple Buck-Boost converter will improve 3% in total efficiency. As a result, it is safe
to conclude that the non-inverting Buck-Boost converter is a better choice for this

particular application in terms of efficiency and power loss.
B: Volume

The total volume of each design can be calculated by using the estimated volume
for each component (inductor, capacitor, heat sink) as summarized in Table 4.6.
Although the capacitor and the inductor in both designs are similar, the heat sink
volume in the non-inverting Buck-Boost converter is around 50% smaller than that of
the simple Buck-Boost converter. Due to its smaller package and higher power density,

the non-inverting Buck-Boost converter is an excellent choice for this application.

Table 4.6: Comparison of the volume in Buck-Boost and non-inverting Buck-Boost
converter.

Component  Buck-Boost ~ Non-inverting Buck-Boost
Inductor 1.4 x 1073m?3 1.4 x 1073m?
Capacitor 4.9 x 107°m? 4.9 x 1075m3
Heat sink 3.4 x 1073m? 1.2 x 1073m?
Total 4.8 x 1073m3 2.6 x 1073m?3

C: Cost

Considering that both designs use similar capacitors and inductors, and the price of
the heat sink is insignificant compared to the cost of the switching components, this
section will only compare the prices of the MOSFETSs used in each design. Table
4.7 compares the switching component costs in two designs. In spite of the fact that

the Buck-Boost converter has fewer switches, it tends to cost more since high-voltage
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MOSFETSs are more expensive than low-voltage MOSFETSs. In this regard, it can be
concluded that a non-inverting Buck-Boost converter offers an advantage regarding

the overall cost of implementation.

Table 4.7: Comparison of MOSFET costs in Buck-Boost and non-inverting Buck-
Boost converter

converter MOSFET Count Unit Price Total cost

Buck-Boost | IXFBAON110P 10  67.25 CAD | 672.5 CAD
Buck-Boost | 1xpKooN6OX 7  23.72 CAD

327.14 CAD

A comparison of the optimal designs of Buck-Boost and non-inverting Buck-boost
converters for this particular application showed that the latter was more efficient,
provided higher power density, and was more cost-effective. For the sake of complete-
ness, it should be noted that this procedure can also be used for similar studies to
compare different topologies in terms of power loss and efficiency, regardless of the

application.

4.4 Conclusions

In this section, the proposed optimum design procedure for non-isolated DC-DC
converters was used to compare different converters in terms of total volume and
loss. There were two cases studied:

1: In the first case, the optimum designs of famous non-isolated DC-DC converters,
including Buck, Boost, Buck-Boost, Cuk, Sepic, and Zeta, were compared at different
voltage gains in order to obtain the most suitable DC-DC converter corresponding to
an application with 12V output voltage and 15A output current. This study demon-
strated the advantages and disadvantages of converters for each gain requirement.

2: In the second case, for an industrial application with 150-600V input volt-

age, 400V output voltage, and 10500W output power, the Buck-Boost and the non-
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inverting Buck-boost converters were compared. Comparing the optimal design of
these two topologies for this application led to the conclusion that the non-inverting
Buck-Boost converter would be a better choice since it offers lower loss, volume, and

cost.
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Chapter 5

Summary and Future Work

5.1 Summary of Contributions

By developing accurate component loss and volume modeling, a new method for
designing and comparing non-isolated DC-DC converters based on multi-objective
optimization of loss and volume was presented. The efficacy of the model and design
method was validated through experiments and data-driven analysis.

Following is a summary of this thesis’s main contributions and conclusions:

e A novel model for the main components of a DC-DC converter was proposed
that estimates loss and volume by incorporating design specs and technology
parameters. Losses and volumes associated with inductor cores and windings,
capacitors, MOSFETSs, and heat sinks are included in this model. Experiments
and data-driven analysis were conducted to validate the effectiveness of the

model.

e A new automated design procedure was proposed based on multi-objective op-
timization of loss and volume for non-isolated DC-DC converters. Experiments
and comparisons with existing optimization methods validated the efficacy and

speed of this method.

e A tool for comparing non-isolated DC-DC converters based on multi-objective

optimization of loss and volume was proposed. The proposed approach was
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used to compare and study popular topologies for real-world applications.

5.2 Suggested Future Work

The following are a few possible directions this study could go in its next stage:

e Component modeling included MOSFETS, heat sinks, capacitors, and inductors

in this study can be extended to include transformers, diodes, and coupled

inductors through a similar mathematical analysis.

e In this thesis, the design procedure for non-isolated DC-DC converters is de-

scribed. With further study, this method may be able to be used for isolated

DC-DC converters as well.

e Implementation cost can be added to the multi-objective optimization problem

by developing a technology-based cost model for each component.

e This method can be used to generate an initial answer for an Al-based optimiza-

tion algorithm that can thoroughly search and tune the solution. Ultimately,

this will lead to an increase in processing speed in existing Al-based optimiza-

tion methods.

e Technology selection is the responsibility of the designer in this thesis. It is

possible to bypass that manual step and find the best technologies available

using automatic artificial intelligence and machine learning methods.
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Appendix A: Steady-State Analysis
of Non-isolated DC-DC Converters

It is the goal of this appendix to summarize the steady-state analysis results for non-
isolated DC-DC converters that are used in this thesis. An illustration of the electrical
schematics of the used topologies is shown in Fig. 4.1.

Table A.1: Synchronous Boost converter steady-state analysis (Fig. 4.1b)

Parameter Value
Duty cycle (D) %
Inductor average dc current (Ig) fj—“f)

DVirn,

Inductance(L) T
Inductor maximum current (I17) In(1+ %)
Inductor RMS current (11, ras) Iny/1+ 5R2
Capacitance (C) %
Capacitor RMS current (Ic ruvs) Touir/ %
Capacitor AC voltage in RMS (ve rars) %
Capacitor maximum voltage (V¢) Vout (1 + %70)
MOSFET 1 RMS current (1sw, ras) VDI rus
MOSFET 1 maximum voltage (V sy, ) Vout
MOSFET 2 RMS current (Iswg,RMS) vV 1-— DIL,R]\/]S
MOSFET 2 maximum voltage (V sy,) Vout
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Table A.2: Synchronous Buck-Boost converter steady-state analysis (Fig. 4.7)

Parameter Value
Duty cycle (D) Voxﬂﬁé -
Inductor average dc current (Ir,) L
Inductance(L) %
Inductor maximum current (j L) Ip(1+ %)

Inductor RMS current (I7, ras) Ip\/1+ 1—129?%

Capacitance (C) %
Capacitor RMS current (Ic ruvs) Iout\/g
Capacitor AC voltage in RMS (ve ras) %
Capacitor maximum voltage (V¢) Vout (1 + %—C)
MOSFET 1 RMS current (g, rMS) \/EIL,RMS
MOSFET 1 maximum voltage (szl) Vout + Vin
MOSFET 2 RMS current (Isw, ras) V1—DIL rus
MOSFET 2 maximum voltage (szg) Voutr + Vin
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Table A.3: Non-inverting Buck-Boost converter steady-state analysis (Fig.

Parameter Value
Duty cycle (D) V()X"j;tvm
Inductor average dc current (Ir) {j—“ﬁ
Inductance(L) %ﬁ‘f};w
Inductor maximum current (I7) I (1+ %L)
Inductor RMS current (Ir, grys) Irn/1+ %?R%
Capacitance (C) 7 f;{g{}m
Capacitor RMS current (I¢ ras) Iout\/%
Capacitor AC voltage in RMS (ve rars) %
Capacitor maximum voltage (Vc) Vout (1 + %70)

MOSFET 1 and 3 RMS current (Lsy, rMS:Lsws, RMS) \/EILRMS
MOSFET 2 and 4 RMS current (Isy, ravssIsws,rms) V11— DILrus
MOSFET 1 and 2 maximum voltage (szl,f/sw) V;
MOSFET 3 and 4 maximum voltage (sz3,‘75w4) Viout
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Table A.4: Synchronous Cuk converter steady-state analysis (Fig. 3.7)

Parameter Value
Duty cycle (D) %n‘jﬁﬁout
Inductor 1 average dc current (I, ) %Iout
Inductance(L1) %
Inductor 1 maximum current (17, ) L1+ %)Iout
Inductor 1 RMS current (11, ryms) %Iout 1+ %%%1
Inductor 2 average dc current (I,) Tout
Inductance(Lq) %
Inductor 2 maximum current (I7,) Tout (14 %)
Inductor 2 RMS current (11, ravs) Touir /1 + 1—128?%2
Capacitor 1 average voltage (v¢y, ) %
Capacitance (C1) )@?Rf%
Capacitor 1 RMS current (I¢, rvs) \/%Iout
Capacitor 1 AC voltage in RMS (vc,,rus) \/ﬁ fswReyvey
Capacitor 1 maximum voltage (V¢,) vey (14 mg L)
Capacitor 2 average voltage (vc,) Vout
Capacitance (C2) %3%7%
Capacitor 2 RMS current (I¢, ras) ﬁ%h[aut
Capacitor 2 AC voltage in RMS (vcy,, rars) % Fswley Vout
Capacitor 2 maximum voltage (VCQ) Vout (1 + %)
MOSFET 1 turn on current (Zsy, on) I, (1— %) +Ir,(1— %)
MOSFET 1 turn off current (Zsy, o) le + jLQ
MOSFET 1 RMS current (Iyy, rars) \/ D(12,, on + Lws on-Tswnof s + T2, op7)
MOSFET 1 maximum voltage (V sy, ) Ve
MOSFET 2 RMS current (Iyu, rars) \/ D (12, o+ T on-Tswn o s + 120, off)
MOSFET 2 maximum voltage (V su,) Ve,
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Table A.5: Synchronous Sepic converter steady-state analysis (Fig. 4.1f)

Parameter Value
VDU
Duty cycle (D) v
Inductor 1 average dc current (Ir,) %Iout
DVin
Inductance(Ly) ST P
Inductor 1 maximum current (j L) %(1 + §RTL)L,M
Inductor 1 RMS current (11, ryvs) %Iaut 1+ %8?%1
Inductor 2 average dc current (Ir,) Tout
DVin
Inductance(Lg) m
Inductor 2 maximum current (I7,) Tout(1+ %)
Inductor 2 RMS current (11, ras) Touir /1 + 1—123%%2
Capacitor 1 average voltage (v¢y ) Vin
3 DIou
Capacitance (C1) fsw%clzcl
Capacitor 1 RMS current (I¢, rvs) 1/%101“5
Capacitor 1 AC voltage in RMS (vch RMS) \/ﬁ fswPcyve,
Capacitor 1 maximum voltage (V¢,) vey (14 %g L)
Capacitor 2 average voltage (ve,) Vout
. Dloy
Capacitance (Cs) m
Capacitor 2 RMS current (Ic, rvs) %Iom
Capacitor 2 AC voltage in RMS (vey, rars) \/ﬁ FfswReyve,
Capacitor 2 maximum voltage (V¢,) Vout (1 + %)
MOSFET 1 turn on current (Zsy, on) I, (1— %) +1Ir,(1— %)
MOSFET 1 turn off current (I, off) Ip, +1g,
MOSFET 1 RMS current (Iyu, zs5) \/ D(12,, on + Lwy on-Tsunofs + 120, opp)
MOSFET 1 maximum voltage (szl) Vin + Vout
MOSFET 2 RMS current (Igu,. as5) \/ D (12, o+ Tows on-Tswnofs + 120, off)
MOSFET 2 maximum voltage (szg) Vin + Vout
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Table A.6: Synchronous Zeta converter steady-state analysis (Fig. 4.1g)

Parameter Value
Duty cycle (D) vaﬁ}m
Inductor 1 average dc current (I, ) %Iout
Inductance(L) %
Inductor 1 maximum current (I, ) 251+ §RTL)LM
Inductor 1 RMS current (I1, rums) %Iout 1+ %%%1
Inductor 2 average dc current (Iy,) Lot
Inductance(Ls) %
Inductor 2 maximum current (Ir,) Lot (1 + %)
Inductor 2 RMS current (I1, ravs) Tourr /1 + 1—12%%2
Capacitor 1 average voltage (vc, ) Vout
Capacitance (C1) fstmf%
Capacitor 1 RMS current (I¢, ruvs) %Iout
Capacitor 1 AC voltage in RMS (ve, rars) \/ﬁ fswRcyve,
Capacitor 1 maximum voltage (V¢,) vey (1+ %)
Capacitor 2 average voltage (v¢,) Vout
Capacitance (Cs) %82%%7&
Capacitor 2 RMS current (Ic, ruvs) ﬁ%LQIOUt
Capacitor 2 AC voltage in RMS (vc,, ris) % FswRey Vout
Capacitor 2 maximum voltage (V¢,) Vout (1 + %)
MOSFET 1 turn on current (Zsy, on) I, (1— %) + I, (1— %)
MOSFET 1 turn off current (Isy, off) Ip, +1p,
MOSFET 1 RMS current (Iyu, rars) \/ D12, on + Lswson-Tswnofs + 12, off)
MOSFET 1 maximum voltage (V sy, ) Vin + Vout
MOSFET 2 RMS current (Iyu, gars) \/ LD (12, ot Lo on-Tsunofs + 12, off)
MOSFET 2 maximum voltage (V su,) Vin + Vout
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Appendix B: Optimal design
vectors of the example in section
4.2

In this appendix, the optimal design parameter vector, power loss, and volume at
different voltage gains in comparison example 4.2 are provided.

Table B.1: The optimal design parameter vector for the Buck converter based on
different voltage gains (V,; = 12V, I,,; = 15A)

Vin Gain (G) Rz, % fsw., (Hz) Loss (W) Volume (m?)

opt

24 0.50 86 64687 3.18 211 x 107°
48 0.25 96 56563 4.03 2.72 x 107°
120 0.1 108 48436 4.46 2.83 x 107°
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Table B.2: The optimal design parameter vector for the Boost converter based on
different voltage gains (V,; = 12V, I, = 15A)

Vin Gain (G) Ry, %  fsw.,.(Hz) Loss (W) Volume (m?)

opt

1.2 10 60 32189 28.54  1.04x 1074
3 4 70 40313 10.19 4.6 x 107°
6 2 83 48436 5.24 2.39 x 107°
9 1.33 93 42342 3.38 1.28 x 1075

Table B.3: The optimal design parameter vector for the Buck-Boost converter based
on different voltage gains (V,,; = 12V, I,,; = 15A)

Vin Gain (G) Rp,,,% fsw.,.(Hz) Loss (W) Volume (m?)

opt

1.2 10 47 32189 3229  1.19x 1074
3 4 69 40305 13.94  6.37x107°
6 2 95 40311 8.88 4.71 x 1075
9 1.33 95 40311 7.75 3.99 x 107°
12 1 95 40311 6.89 3.75 x 107°
24 0.5 111 38281 6.15 3.24 x 107
48 0.25 127 28125 5.90 3.15 x 107
120 0.1 150 22032 5.84 3.18 x 1075

Table B.4: The optimal design parameter vector for the Cuk converter based on
different voltage gains (V,; = 12V, I, = 15A)

Vin  Gain (G) R, % Rp,,,,% Rey,,,%  few, (Hz) Loss (W) Volume (m?)

1.2 10 57 45 5.2 38282 30.61  1.49x 1074
3 4 71 60 6.7 48436 13.55  9.25 x 107°
6 2 83 72 2.6 73827 9.22 6.67 x 107°
9 1.33 120 120 5.2 38281 8.19 5.61 x 1075
12 1 93 96 4.1 40312 7.50 5.23 x 107°
24 0.5 111 82 1 64687 6.37 4.87 x 107°
48 0.25 160 121 1 41336 6.42 4.07 x 107°
120 0.1 191 136 1 26095 6.62 4.50 x 1075
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Table B.5: The optimal design parameter vector for the Sepic converter based on
different voltage gains (V,; = 12V, I, = 15A)

Vin  Gain (G) R, % Rp,,,% Ry, % fsw, (Hz) Loss (W)  Volume (m?)

1.2 10 54 29 15 62656 36.26  1.40 x 10~*
3 4 71 83 15 49453 16.38  7.51 x 107°
6 2 83 121 15 40312 11.30  5.40 x 107
9 1.33 108 121 12.8 40311 9.69 4.70 x 1075
12 1 96 85 6.7 48437 8.92 4.20 x 107°
24 0.5 109 106 6.1 41326 7.47 3.64 x 107°
48 0.25 136 101 3 34218 7.57 3.16 x 10~°
120 0.1 165 128 1 26093 7.76 3.30 x 107

Table B.6: The optimal design parameter vector for the Zeta converter based on
different voltage gains (V,,; = 12V, I, = 15A)

Vin  Gain (G) R, % Rp,,,% Rey,,%  fsw, (Hz) Loss (W) Volume (m?)

1.2 10 45 45 5.2 38282 29.34 1.34 x 1074
3 4 66 54 8.3 38280 13.70 7.03 x 107°
6 2 96 73 6.7 48436 9.39 4.95 x 107
9 1.33 96 85 6.7 48436 7.92 4.32 x 107
12 1 121 85 6.7 48436 7.10 4.02 x 1075
24 0.5 128 102 6.6 40311 6.11 3.49 x 107°
48 0.25 187 119 9.5 30156 5.53 3.11 x 107°
120 0.1 193 141 9.7 22030 5.73 3.09 x 1075
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